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NOTATION. 
All terms are defined when they are first introduced . 
The following list defines the major terms; constants in 
equations are not included. Where symbols are used with 
suffices this is indicated below by the suffix o. Suffices 
and superfices are listed separately . The same symbol 
is used more than once in some cases to avoid complication 
in lettering. The context generally indicates the quantity 
intended . 
a span of ant. sup. iliac spines. 
A cross sectional area. 
A/A ankle in opposition. 
b span from L. ant. sup. il. spine to tail marker. 
C 11 11 R 11 11 11 II 11 if 11 
c temperature coefficient of resistance 
Co Fischer coefficient see Table 3. p. 
C Modulus of Rigidity. 
d differential operator. 
e exponential constant. 
e xg -xH 
E elastic stiffness or Young's Modulus. 
iv 
f yB - yH 
f step frequency or camera frequency. 
F force. 
g gravitational constant. 
g zB - zH 
Go reading of galvanometer recorder. 
h height of camera above reference axes. 
H heightof test subject. 
H0 component of resultant leg/trunk force. 
HS heel strike. 
i electrical current. 
10 second moment of cross-sectional area. 
IF inertia force. 
Jo component of resultant joint force. 
ko radius of gyration. 
ko length/I for force plate member. 
K viscous damping factor. 
K0 force plate calibration factor. 
L0 length of body segment. 
LF left foot. 
m natural frequency of damped vibrations. 
m fractional change in electrical resistance. 
V 
M mass 
M0 turning moment. 
n natural frequency of undamped vibrations. 
n indefinite number. 
po, P0 tension in muscle group. 
Po force in dynamometer strip. 
if It 11 11 
r coefficient of correlation. 
ro moment arm of muscle group about reference axis. 
R electrical resistance. 
R force in dynamometer strip. 
R0 camera distance from reference axis. 
RF right foot. 
S general position co-ordinate. 
S strain gauge calibration constant. 
t arbitary time. 
t "Student" t factor. 
tT direction cosine. 
00 
T temperature. 
T cycle time for one leg. 
TO toe off 
v1 
U strain energy. 
v, V velocity. 
V direct load. 
V electrical voltage. 
W subjects body weight. 
Wo subjects body segment weight. 
Wo ground to foot force component. 
xo Xo 
yo Yo space co-ordinates. See Fig. 47, p. 152. 
zZ 
0 
4'ý phase angle 
ß 
b projected inclination of femoral axis. 
s indefinitely small fraction. 
partial differential operator. 
0 damping coefficient. 
error. 
Q1 change of slope of structure. 
projected inclination of femoral axis. 
longitudinal stress. 
0 projected inclination of body segment. 
Vt 
w angular velocity. 
w, St frequency of forcing force. 
SUFFICES. 
A ankle. 
B left ant. sup. iliac spine 
C tail marker. 
D right ant, sup. iliac spine. 
F centre of gravity of foot. 
H hip joint centre. 
K knee 
L leg 
0,0 initial position. 
P 'foot' i. e. 5th metatarsal - phalangeal joint centre. 
S centre of gravity of shank. 
T centre of gravity of thigh. 
W walkway i. e. pertaining to ground/foot interface. 
SUPERFICES. 
first derivative with respect to time 
"" 
second 
t 
apparent displacement. 
ABSTRACT. 
The subject matter considered in this thesis is the analysis 
required to obtain the force transmitted between the loaded 
surfaces of the human hip joint. This information is desirable 
for the design of implants to repair fractured bones or to replace 
diseased joints or, more generally, toallow the discusssion of 
the functional behaviour of the joint in the normal person. No 
published work has been found giving values of hip joint force 
patterns during walking for normal subjects. Procedures 
have been described in the literature for the determination of 
the resultant force actions between body segments but this 
thesis presents the first application of dynamic measuring techniques 
to the functional anatomy of the body in order to determine the 
internal force actions. 
The relevant anatomy of the hip region is described in a 
preliminary chapter. Thereafter, a chronological review of the 
studies of human body dynamics is presented covering the time 
period up to 1890. Further publications after that date are 
presented in chronological order under the separate headings of 
(1) the analysis of human gait and the corresponding forces in muscles. 
(2) determination of body mass properties. 
(3) physiology. and dynamics of muscle action. 
The work undertaken by the author comprised the application 
and modification of known engineering techniques for dynamic 
and kinematic measurement to the analysis of the motion of the 
human body. The resultant force actions between the ground 
and the foot of a test subject were measured by a force platform 
and the positions of his leg in space were recorded by cine cameras. 
The resultant force and moment actions transmitted across a 
section of the leg through the hip joint could thus be calculated. 
From a consideration of the time pattern of action of the hip 
muscles as demonstrated electromyographically, and their spatial 
configuration, muscle groups were defined and consideration of 
the resultant forces in the groups allowed the calculation of the 
hip joint force. The calculation procedure required the assessment 
of the mass properties of limb segments, and their spatial 
accelerations, and was performed for every fiftieth of a second 
interval for a complete walking cycle for each test. The 
procedure was therefore arranged for calculation using a 
digital computer and this programme, devised by the author, is 
outlined in the text. 
Results are presented of the analyses performed on 18 tests 
J 
on three female and ten male subjects. Graphs are presented 
of the variation with time of the resultant joint force and its 
components relative to the hip and to the femur. The patterns 
and values obtained in these tests are substantiated by results 
published by Dr. N. W. Rydell of the University of Gothenburg. 
Rydell performed tests on two patients having a strain gauged implant 
replacing the head of one femur. Rydell's results are included 
with the present author's in a statistical analysis which shows a 
positive correlation between (the product of body weight and 
stride length)and resultant joint force. The average values of 
joint forces on female and male subjects were 3.27 and 5.55 times 
body weight respectively. These values are lower bounds 
corresponding to the action of the muscle groups exerting the greatest 
moments about the joint axes. Upper bound values are 
also presented. 
In view of the variability of the experimental quantities measured 
and the complex calculation procedure, the effect of these 
variations is subjected to critical assessment in the discussion. 
ý 
'f 
REVIEW OF PUBLISHED WORK. 
Introduction. 
The published work on the mechanics of the human body 
is small in amount and diverse in topics in the time period up to 
the end of the nineteenth century. Thereafter there has been 
a rapid expansion in the volume of published work and in its detail. 
After a preliminary chapter on the anatomy of the Hip Region 
a historical survey of relevant Biomechanics is presented covering 
the period up to 1890. Subsequent studies of gait and corresponding 
forces developed in muscles and joints are reviewed separately 
and followed by sections on the determination of the mass properties 
of body segments and the physiology and dynamics of muscle action. 
Applied anatomy of the hip region. 
The hip joint approximates to a spherical joint and is the 
connection between the femur or thigh bone and the lower part of 
the trunk. The combination of two hip bones, the sacrum and 
the coccyx are generally referred to as the pelvis. The 
principal landmarks of the pelvis are shown in Fig. 1. The hip 
bone is formed by the fusion of three separate regions: - 
1, the ilium or wing of the pelvis, comprises the multiply 
curved region 
.ý 
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2. the pubis, the projecting bony part in the groin, extending 
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in two rams to join the acetabulum and the isdla äi&' '.. p 
3. the ischium the lowest and rearmost part which'first 
extends downwards and backwards from the acetabulu 
and then-projects. forward to meet the pubic)ramus. - aý 
A, 
Fusion of the separate parts is completed at or shortly after . puberty. 
The two hip bones join at the pubis in a cartilaginous joi k 
The sacrum is the wedge shaped bone formed by the fusion of-the 
five sacral vertebrae, it articulates with the ilium at the sacro- 
iliac joint and supports the vertebral column. In the male very 
little movement is possible at the sacro-iliac joint. Gray (1958) 
states that in the female after puberty there is greater movement 
at this joint and that this movement increases in the later stages 
of pregnancy. The acetabulum is the female part of the hip joint 
and is a deep cavity facing obliquely forwards, sideways and 
downwards. The acetabulum is largely lined with articular 
cartilage and this cartilage is enlarged into a rim which extends 
round the border of the acetabulum retaining the femoral head. 
The femur is the longest and strongest bone in the body. 
Three views of a typical femur are shown in Fig. 2. The head of 
the femur is entirely covered with cartilage except for a small 
area round the fovea where the ligament of the head is attached. 
The head is extended by a short neck to the junction with the shaft 
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in the trochanteric region. The greater and lesser trocha, nters 
" yNa 
liJiiý'iiýý 
are bony prominences to which are attached the tendäns 
of several muscles. The shaft of the' femur is almost cylindrical 
= over most of its length and is curved with a forward convexity.:; "'- : ,,. 
ý" 
r% ;S At its lower end the shaft enlarges into-the femoral condyles-, the' 
underside' of which are the bearing surfaces of the, knee joint. 
In the erect posture the shafts of the femurs incline, -. upwards and 
outwards., If the knee is arranged with the patella. or " knee 
cap directly forwards, the axis of the neck of the femur is inclined 
forwards, inwards and upwards as shown. 
The hip joint is enclosed by the synovial membrane which is 
attached to the femoral head, the margin of the cartiliginous 
surface distally and the margin of the acetabular cartilage proximally. ' 
Outside the membrane is a strong dense fibrous capsule which',. :. ' 
forms along certain well defined lines shown and named in Fig. "3.. 
The ilio-femoral ligament comprises two parts having tensile 
strengths of 200-500 lb. This ligament becomes taut when the 
thigh is extended. '. "It also assists in limiting inward rotation 
when the thigh is of iced , and outward rotation when the thigh 
is. flexed. The ischio-femoral ligament tightens` in extensioi1, 
in inward rotation with extension, and in abduction. Th6` '''' 
pubo-femoral ligament checks outward rotation when the hip is in 
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extension, checks abduction,, and when the thigh is f1e:: ed checks 
abduction and outward rotation The ligament of the head 
(ligamentum teres)-is stated to limit adduction'when the thigh 
is partly flexed but generally to have little mechanical significance 
(Gray 1950) Steindler (1935). Generally the action of the ligaments 
is to retain the femur lightly in the capsule, to prevent extension ,- 
of the femur much beyond the straight position and to limit' 
abduction and rotation movements. The range of movement in the 
normal living subject is 120 degrees in flexion: 20 degrees in 
extension 45 degrees each in abduction and adduction s andr', ': 'f 
inward and outward rotation totalling 900 .' For movements generally ',, '- . 
within this range th(. 'capsular ligaments exert no force, although 
in certain combined ' vements the range". s somewhat reduced. 
The muscles acting to produce movement at the hip joint 
number 22 in total. Six of these act principally to rotate the 
femur on the hin in an outward direction. Generally they 
are of small size and are deep seated. ,?. 
Their, moment action 
and contribution to joint force will therefore be small `by comparison 
with muscles of larger cross-section. The remaining muscles 
may conveniently be described äccörding to the major 
rotational 
actions which they exert, e, flexion, extension, abduction 
or ad4uctiQrF TThey may be further subclassified as two-joint 
.. 
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or one joint depending on the number of skeletal joints between 
their origins and insertions or those of. their tendons. 
The flexors of the hip comprise Psoas (major), Iliacus, Rectus., , `-7'. - > 
A' q 
Femoris , Tensor Fascia Lata, Sartorius and Pectineus. ` :.. 
The positions of the origins and insertions of these 'muslces 
are shown in Figs. 4 and 5. 
Psoas (Major) is unipennate in form, has its origin on the 
lumbar and lowest thoracic vertebrae and their intervertebral 
cartilages, and ends in a tendon of insertion which passes over 
the front of the capsule of the hip joint before joining the femur 
at the lesser trochanter. lliacus is a flat triangular muscle, 
which occupies and arises from the inner surface of the Iliac 
bone. Most of its fibres converge and join the tendon of 
Psoas but some are inserted directly on the femur in front of 
and below the lesser trochanter. 
Rectus femoris is a bipennate muscle, arising by a tendinous 
head from the anterior inferior iliac spine and by a tendinous 
head from a groove above the rim of the acetabulum. The 
two heads unite at an acute angle and spread downwards on the 
forward side of the muscle from which the muscular fibres arise. 
Rectus femoris is a two-joint muscle and the insertion is into 
a flat tendon joining the upper pole of the patella, and the patella 
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is connected by the patellar, tendon to the front of the tibia. ': "+:; ý. ýr°'is 
Tensor fascia, lata arises from the outer lip of the-iliac 
" 
ýý, ý . ý.: '; 
ä° `'> ýý 
" 
ý' 
,°. "-, 
i" 
nit 
crest and the outer surface of the anterior superior iliac spine%,,, _lk 
and is inserted into the fascia lata, an extensive sheath" "" y`''ý, '`%;. ' "»": #v 
7 
enclosing the muscles of the thigh. Over the lateral! ýur_faceof 
the thigh the fascia lata is specially thickened and `forms 
a strong band termed the iliotibial tract. At its lower limit ;: R; 'w'` "' -" 011 
.:; the ilio-tibial tract is attached to the lateral condyle "of the y°ý ' :_°, ' ". 
a. Tensor fascia lata acts therefore as a two-joint"mscl 
r_',., ^ r, "; 
",, `r' :, fir' ', .{ ; ýý; 
ýD.., . Yýi 
Sartorius the longest muscle in the body is narrow and ribbon. -a. '. ' ' 
like It arises from'the front surface of the anterior superior 
.r, 
ý-. 
_ "'ý':..., 
y r- t "'w'', ý' 
ýai tja` "", 
iliac spine and passes diagonally down the front. of. the thigh 
from outside to inside and becomes a thin flattened' :; tendon 
running down the inside of the knee to insert on'the. ir; side " ýýýý"' 
ýý 
r. 
F`; 
w; gis'i,,, I1: -; 
ýj: " also a two-joint surface of the tibia. Sartorius is thus 
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"t. -I, Jt 
ti ,, ",. 
yý 
44 3F 
1y 
muscle. 
Pectineus is a, muscle of quadrangular section having its :º "ý "" 
origin in the upper ridge-joining the pubis to its junction with 
y: '' "ý ýt' 
the ilium and inserted on the femur between the lesser . ": ý`. `"ý 
trochanter and the linea aspera. ", " ý;..; 
Although the major. actilon of these muscles is to flex the thigh, ', 
on the hip, because of the, positions of their lines of 'action Y^ "" 
relative to the head other rotational ` yº '-' ' '"` , of the femur, they will have 
6,, 4v, 4J. 
i/ 
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p q 10 
actions in addition, many of these depending on the relative' 
angular position of the femur and the pelvis. Table 1 is 4 ,, 1. ".: o 
of interest in showing the conflict amongst the authorities on 
the function of specific muscles. 
The extensors of the hip comprise Gluteus Maximus, the 
long head of Biceps Femoris, Semitendinosus and Semimembranosus. 
These are illustrated in Fig. 4 and 5, Gluteus Maximus is a 
broad thick fleshy muscle forming the prominence of the buttock. 
Its origin extends along the hindmost quarter of the outer 
surface of the iliac crest, the posterior surface of the sacrum 
close to the ilium and the side of the coccyx. The insertion 
is along a rough line 4 inches long on the posterior aspect 
of the femur between the greater trochanter and the linea aspera. 
Biceps femoris (long head), semimembranosus and 
semitendinosus are all two joint muscles having a common 
origin on the ischial tuberosity. The tendons of the three 
form the hamstrings. Biceps femoris has its insertion on 
the outside of the tibia and the fibula. The other two muscles 
have tendons of insertion leading to the inner surface of the 
medial tibial condyle. 
The principal actions of Gluteus Medius and Gluteus 
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ACTIONS OF HE HIP MUSCLES. 
/1 
Minimus are abduction and they are the only muscles having 
this prime function. Their origins are on the outer surface 
of the ilium. Gluteus medius is the larger muscle and lies 
on top of gluteus. minimus. Both muscles have their insertions ^wý 
on the greater trochanter, minimus on the front part of the top 
and medius on the lateral surface. 
The adductors of the hip comprise Gracilis, Adductor Brevis, 
Adductor Longus and Adductor Magnus. Gracilis is a` slender 
two joint muscle extending from the pubis to the medial side of the 
upper part of the shaft of the tibia below the condyle. The 
three adductors, brevis, magnus and longus are fan shaped 
muscles lying deep on the inside of the thigh as shown in Fig. 6. 
The origins are on the front of the pubis : just below the crest 
for longus, on the outer surface of the inferior ramus for brevis 
and along the line from the front of the pubis to the ischial 
tuberosity for magnus. The insertion of these muscles extends 
from the top of the'linea aspera to the adductor tubercle on the 
femoral condyles. Adductor Magnus is one of the largest 
muscles in the body, yet it is surprising that reference books can 
ascribe little general function to the adductor group in normal - -z 
activity. 
Six small muscles, Piriformis, Obturator internus, Obturator 
\ ;I 
T 
UCTOR 
SERCLE 
DEEP MUSCLES OF THE MEDIAL FEMORAL REGION 
FIG. 6 
_, _ ýx 
externus, Quadratus femoris, Gemellus Superior and Gemellus 
Inferior have their origin on the posterior portions of the pelvis, ;; . . 
their insertions on the greater trochanter of the femur, and act' 
principally as outward rotators. Gray (1958) suggests that these 
muscles also act to assist the ligaments to retain the integrity 
of the hip joint on the occurrence of sudden strains when the 
great muscles are relaxed. 
Historical Review 
The first recorded studies of the mechanics of the human 
body stem to ancient Greece. Hippocrates (c. 460 B. C. ) 
Aristotle (c. 350 B. C. ) and Archimedes (c. 250 B. C. ) showed some 
insight into the application of the principle of moments to the 
movements of the body produced by muscular contraction. Galen 
(c. 200 A. D. ) showed that the Roman pbnbscph¬rs had some knowledge 
of nerve and muscle association and defined the terms agonist 
antagonist and tonus as referred to muscle action . The next 
recorded analysis of body mechanics is that of Leonardo da Vinci 
(c. 1500 A. D. ) whose knowledge of anatomy and mechanics enabled 
him to demonstrate the mechanics of standing, walking, jumping 
and rising from a sitting position. These studies required 
the concept of the centre of gravity of the human body. Galileo 
. ý., 
. 
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(1638) 
,a student of medicine before the studies of dynamics 
for which he is renowned, indicated in his dialogues the 
application of classical mechanics of motion to the human body. 
Borelli (1675) furthered the work of Galileo and developed a 
theory of the chemistry of muscle contraction. His book'De Motu 
Animaliuni illustrates many applications of mechanics to the 
movement of limbs under muscle action and indicates a method 
for measuring the position of the centre of gravity in man. 
Baglivi (1700) continued the work of Borelli and differentiated 
between the structure of smooth and striated muscles, hypothesising 
on their function. 
The principal event of the 18th century was the discovery 
of the phenomenon of the electrical stimulation of muscle as 
reported by Haller (c. 1740) and Whytt (c. 1740). In his 
"Commentary on the Effects of Electricity on Muscular Motion" 
Galvani (1791) made an explicit statement of the presence of 
electric potentials in nerve and muscle and this is probably 
the first published reference to this relationship. Duchenne 
(1867) reported extensive studies of the function of individual 
muscles as observed when the muscles were subjected to externally 
applied electrical stimulation. This procedure showed the 
2! 
response of an isolated muscle to stimulation although Duchenne 
realised that isolated muscle action does not occur in nature. 
Weber and Weber (1836) published a treatise on the mechanics 
of human motion which reported anatomical studies on cadavers, 
measurement of the position of the centre of gravity of the human 
body and the mathematical analysis of certain aspects of gait. 
Their contention that the movement of the leg in the swing 
phase of walking was a pendulum action without the assistance 
of muscle action has been refuted by several of their successors. 
Meyer (1853) determined all co-ordinates of the location 
of the centre of gravity in various standing postures, "normal", 
"military" and "comfortable" and proposed a theory of the self- 
locking action of the leg joints whereby standing would be 
maintained with a minimum of muscle action. These postures 
are not however clearly defined. 
The first use of serial photography to investigate the characteristics 
of gait is that of Muybridge (1882). The gait of race horses 
was investigated by the use of a series of cameras viewing 
from the side. The successive firing of the cameras was 
obtained by physical contact of the horse with a series of trip wires. 
Further investigations were performed on human subjects walking, 
rising from sitting position, sitting from the erect position, 
A4- 
dancing and performing various other moverre nts. In 
some of the studies the background is marked into squares to 
allow estimation of the displacements. 
Marey (1887) and Carle t (1872) reported investigations 
into the characteristics of human walking using a pneumatic 
system of recording displacements of parts of the body, foot 
pressures and periods of muscular activity. The subject 
walked in a circular path and variation of the experimental quantities 
was made to alter the air pressure within a series of closed systems. 
The indicating transducers were located at the centre of the walking 
circle and the connecting pipes were carried on a rotating radius 
arm which followed the test subject. Muscular activity was 
measured by the displacement of a cuff arranged over the 
appropriate muscle. Demeny (1887) also reports a balance for the 
determination of the centre of gravity of a subject in any 
configuration of his limbs. In this, the subject lay on his side 
on a platform supported on balances at three positions. The 
centre of mass is defined in terms of the balance readings and 
the geometry of the supports. The principal advance of these 
investigations was in their use of chronophotography to register 
the successive positions of the test subject in walking. The 
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apparatus comprised a plate camera with a mechanical drive to the 
shutter allowing exposure at predetermined intervals. The 
subject carried markers which could be lights or reflective material 
and the successive positions of these markers were recorded 
on the film. 
Analysis of Gait and the Forces in Muscles. 
The first investigator to perform a comprehensive analysis 
of the three dimensional movements of the parts of the human 
body was Fischer (1898). Fischer performed three tests on one 
subject. The subject was dressed in black and carried 
incandescent tubes, eleven in number, strapped to segments of 
the body as shown in Fig. 7. The subject dressed in dark 
clothing walked in a darkened room in the field of view of four 
plate cameras whose shutters were closed and opened cyclically 
at a controlled speed. The exposed images of the tubes on the 
plate gave "stick" diagrams representing the successive positions 
of the body parts. The four cameras were situated near the 
subject: one on each side trained perpendicular to the axis of 
progression and two viewing the subject in oblique frontal aspect 
along lines at 30° to the axis of progression as shown in Fig. S. 
The corrections to the readings required to eliminate errors due to 
perspective were therefore complicated. The information 
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was analysed to obtain curves of the variation with time of the 
displacement, velocity and acceleration in three reference directions 
of landmarks and centres of gravity of the body segments. In 
each test one'double step was analysed and the cycle divided 
into 31 phases. From the values of acceleration and displacement 
for each segment of the body Fischer calculated the resultant 
forces, combined these vectorially and presented tables quoting 
the magnitude of the ground to foot force at each phase. Fischer's 
data on the kinematics of gait has been referred to by all subsequent 
investigators and his findings largely conditioned the mechanical 
design of external prostheses for the first half of the present 
century. In addition to the analysis of the external force 
actions Fischer published a further volume, Fischer (t908), in which, 
the internal mechanics of the body in respect-of ligament afid 
muscle forces are presented. Tables and "graphs are shown 
describing the variation of the moment action of certath i iuscles;. 
as the angulation of the body segments changes. 
ý ' " ýýý" ;' 'tip' o : : - x. Fick (1904) contends however that Fischers results 
in the walking tests are inaccurate since the centres of gravity ý: ", 
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of Fischer's subjects were determined from 
measurements taken on 
cadavers which were in the recumbent position. 
27 :ý ýý, 
The degree of spinal curvature for an erect subject requires 
that the centre of gravity be considerably further forward than 
Fischer assumes. Fick's publications describe also the 
complete anatomical range of movement of the joints of the human 
body, together with the corresponding lengths and moment arms of 
appropriate muscles. Fick's tables and diagrams are based on a 
knowledge of the positions of the muscular attachments to the 
body structure and the values quoted are calculated trigonometrically. 
Strasser (1908 - 1917) uses a joint model "Globusmuskeiphantom" 
to obtain corresponding information on the mechanics of muscles 
and Joints. 
The analysis of the force systems present during movement 
was significantly advanced by Amar (1916, - 1917) with the 
invention of a "force plate" or instrument to measure ground to 
foot forces. The measuring system was mechanical, spring 
deflection under load operating an indicator. The instrument 
measured vertical, sideways and backward force components only 
and gave no measure of forward force components or of moment 
actions about any reference axis. Amar's force plate was 
used in investigations of the gait of subjectswearing external 
prostheses and the findings were used to suggest improvements. 
Fenn is principally known for his studies on electromyography 
' sYr. 
which are reviewed in another chapter but his paper Penn (1930) 
presents an analysis of the variation of "kinetic energy of the 
parts of the body relative to the trunk" during activity. The 
relative kinetic energy R. K. E . is defined as 
R. K. E. =2 
Wl (Vi - V0)2 +2 
Wl k12 wl2 ---- (1 ) 2g 2g 
where W1 is the mass of a part of the body, kl its radius of 
gyration, VI the linear velocity of the C. G. and 1 the angular 
velocity. V0 is the velocity of the whole body. The statement 
is made that the total kinetic energy K. E. is given by 
K. E. = 
Wo V2+R. K. E. ------- (2) 
2g o 
where Wo is the weight of the whole body. The total kinetic 
energy is in fact given by 
True K. E. _ 
Wl 
V2+ Wi k12 'G12 ------ (3) 2g 1 2g 
(2 and 3) may be written as 
Fenn's total K. E. =2x Wo Vo- 22 
wl V1V0 + True K. E. (4) 
2g o 2g 
It appears therefore that the concept of relative kinetic 
energy is incorrect and unacceptable. 
Work performed at the Institute of Experimental Medicine 
in Moscow over the period 1930 - 1935 is reported by Bernstein 
(1935). The work reported is an extension and improvement of 
the original work of Fischer. The experimental technique is 
improved by increasing the frequency of the exposure of the film 
Z9 
giving more closely defined "stick" diagrams for the limb 
configuration. Tests are performed on more subjects than 
Fischer and more data is analysed. Table 2 is reproduced from 
this volume. Data is also presented on the effects of weights 
carried on the shoulders on the gait characteristics and also on 
variations with the onset of fatigue. A later volume Bernstein 
(1940), reports the development of gait characteristics in children 
starting from the first unsupported step . This volume also includes 
the analysis of the gait in athletic performance in sprinting, 
running and the long-jump, Chkhaidze (1957,1958) continues 
the investigation, and reports the changes in gait on the level, up 
and down inclines, for trained and untrained subjects performing 
at high altitudes. These works are grouped for discussion since 
the experimental techniques, method of analysis and presentation 
of results are the same. 
Single plate exposures of successive views of the subjects 
were taken from two sides on cameras whose shutters operated at a 
frequency of 80 per second. Markers were placed at 20 positions 
on the body from the head to the feet. There was no 
instrumentation to record ground to foot forces. The only 
movements recorded are those occurring in planes parallel to the 
 t; 
ý; 
plane of progression. Bernstein states that sideways 
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movements are of no significance to studies of gait. 
It is submitted that, in fact, sideways movements are of 
considerable importance in the gait of the human, since deviations 
from normal due to pain, malfunction or the use of a prosthesis 
are most readily detected In, the view from the frontr: Furthermore 
a large amount of the energy used in walking is required in the 
musculature which controls the sideways movement. Velocities 
and accelerations were determined by numerical differentiation 
of the displacement values as follows. 
If Sn is the typical position co-ordinate at exposure n 
Velocity at this exposure = (S Sf n +2 - n-2) x4 
where f is the frequency of exposures. 
Similarly acceleration = (Sn+4 -2 Sn + Sn-4) fZ. /16 
Bernstein is insistent that the curves of displacement should not 
: 1: . : ý, 
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be smoothed prior to differentiation since essential information", 
about the gait characteristics is lost thereby. 
This contention requires to be treated with reserve, however.,, -. ----. 
whenever the sensitivity of measurement is considered. Bernstein 
quotes no figures for the probable measurement error of his 
photographic records. It appears that the displacements of the skin 
markers were obtained to the nearest millimetre. With a shutter 
speed of 80 per second. and a mean walking speed of 5 mile/hoÜr VI 
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the change in horizontal position of a point on the body 
between frames would be 28 mm. If the measurements are taken 
to an accuracy of ± 0.5 mm the possible fractional error in 
velocity is ± 1/56 and the corresponding error in acceleration 
might be ± 1/28. Vhere the velocity of a part of the body is considerably 
less than the mean, the fractional errors increase and the errors 
in acceleration to and from rest may be quite high. The amount 
of the errors could be reduced either by smoothing the curves 
to eliminate the effects of measurement errors or by taking the 
velocities and accelerations from curves fitted to the experimental 
points using a least square of deviation technique. 
Fischer's coefficients for the mass of body parts as a 
proportion of total mass are used to obtain the inertia forces 
at the centres of gravity of the parts of the body. These forces 
correspond to linear accelerations only, angular accelerations 
being ignored. The inertia forces are combined to give resultant 
force at C. G. of leg, at C. G. of left and right sides of the body 
and at the C. G. of the whole body. In these manipulations 
no account is taken of the moments about vertical axes or about 
horizontal axes parallel to the line of progression due to the 
offset of the vertical planes in which the C. G . 's of the parts 
lie. 
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Typical curves of mariation of inertia force at C. G. of whole 
body as quoted by Bernstein and at the C. G. of the thigh as 
presented by Chkhaidze are shown in Fig. 9. The characteristic 
acceleration peaks are stated to be physiological in origin 
corresponding to the pattern of nervous response in the higher 
and lower control centres. These peaks are taken to be 
characteristic of the indivUual and are shown to be reproducible 
in subsequent tests and to be affected by physiological changes 
such as fatigue and change of altitude. It must also be 
considered that these characteristic peaks may equally correspond 
to movements of the skin of the subject relative to the skeleton. 
This could give characteristic patterns for each subject and vary 
with physiological conditions. Curves of the variation in 
moment about certain joints are presented but these are the 
moments about the horizontal axes of the joints perpendicular 
to the line of progression and take account only of linear 
acceleration forces. They are of no significance therefore to 
leg joints during the phase of double support since ground forces 
will then be of overiding importance: and even in the swing 
phase their value will be reduced due to the omission of angular 
acceleration terms. 
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Pauwels (1935) performed an analysis to determine the 
3s 
magnitude and direction of the resultant force transmitted between,,,, 
the femoral head and the acetabulum during stationary weight " 
bearing on one foot, and concluded that the value of this force 
was 2.92 times body weight. When the dynamic component 
1 11 
of the vertical force actions was taken into account this value ', 
increased to 4.5 times and during walking it was suggested that 
values of 6 to 8 times were not implausible. 
Elftman (1938,1939) performed gait analysis in waking and 
running using a force plate in which components of force are 
measured by the deflection of elastic systems and are recorded 
by cine camera. No information is quoted on the amount of force 
plate deflection under load, its natural frequencies of vibration 
or on its hysteresis. Since the assembly comprised two plates, 
äh 
nsliding 
on ball-bearings on top of the other against spring 
resistance, it is surmised that its dynamic behaviour might not 
be ideal. There was no provision for the measurement of the 40 
moment exerted between ground and foot about a vertical axis 
through the contact area. 
In the analysis of walking Elftman (1939a) reports the 
results of tests performed using the forceplate and measuring 
displacements by a-cine camera viewing from the side only. 
.t 
. 
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Only movements parallel to the plane of progression are considered 
but all gravity and inertial effects producing force actions in 
this plane are considered in the calculations for the resultant 
moments transmitted at the ankle, knee and hip joints. It is 
shown that angular acceleration has a very small effect on the 
values obtained. No attempt is made to calculate the actual 
values of muscle force required to transmit these moments. 
The analysis compares the rates of change of kinetic energy of 
parts of the leg with the rate of transmission of energy at the joints. 
This transmission rate was obtained from the product of the 
moment transmitted at the joint and the relative angular velocity 
of the parts meeting at the joint. In this way Elftman indicates 
that to some extent the muscles have to function as energy 
transmitting connections as well as energy developing and 
absorbing members. The following paper Elftmann (1939b) 
discusses the role of muscles which traverse more than one joint. 
It is shown that in normal activity loading occurs at 
adjacent joints which can be transmitted by the energisation 
of a single two joint muscle. If the joint movements during this 
phase are such as to maintain a constant contracted length for 
the muscle, then the muscle need only be loaded in isometric 
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tension, in which circumstance its efficiency of energy transformation 
is greatest. If the same duty were being performed by a 
one-joint muscle at each joint, one would be developing 
mechanical work while the other was absorbing it - obviously 
a less efficient procedure, and, in addition, the muscles would 
not be working isometrically so that their efficiency would be 
lower on this account also. 
It is concluded that the human anatomical structure of the 
leg would be more economical of energy if a three-joint muscle 
system were present. 
Corresponding analysis for the estimated rate of energy 
expenditure of the leg muscles in running is reported in a further 
paper Elftman (1940). 
The National Research Council Committee on Artificial 
Limbs acting in an advisory capacity to the Veterans Administration 
and Office of the Surgeon General, United States Army, financed 
research by the College of Engineering and the Medical School 
of the University of California from 1945 onwards. Their report 
(University of California (1947))covers a large range of work 
and is considered in detail. 
Previous analysis of gait had been deficient in description 
of the components of the rotation of body segments about the long 
Iýy 
axes of the segments. Tests were performed on 29 subjects 
in which pins were driven into the following bony prominences. 
1. Iliac crest of the pelvis. 
2. Adductor tubercle of the femur. 
3. Tibial tubercle. 
Wooden rods with spheres attached extended sideways 
from the pins far enough to be clear of the outermost projection 
of the shoulder. The subjects walked along a straight path 
viewed by three cine cameras situated above, in front and to 
the right of the subject. The cameras ran at 48 frames/sec 
and a clock mechanism, viewed simultaneously by the three 
cameras allowed the synchronisation of the records. , The 
records were analysed at first taking account of perspective 
and parallax errors. It was found subsequently that during the 
middle sixty per cent of the stance phase the values measured 
from the orthogonal projection were correct within 20 although the 
value at toe-off could be in error by 6*. The projected angles 
were therefore used subsequently since the amount of this error 
was less than the variations between individuals. The averages 
of the ranges of angles measured for the pelvis, femur and tibia 
of 12 subjects were respectively 8,15 and 19 degrees. The worst 
errors would be for the tibia which has the greatest range of 
3% 
angular movement in the sagittal plane but even so it would 
appear worth-while to apply a correction where an error of 
6 parts in 19 is possible. The average rotation of the femur 
relative to the pelvis for ten subjects was 8.24 degrees. It 
should be pointed out also that the pelvis marker passed through 
the field of swing of the arm and the subjects required to fold 
one arm across the chest. Since rotations of the trunk about 
the vertical axis depend critically on arm movements, it would 
appear that all these values should be treated with some reserve. 
Interripted light and cine camera techniques were used 
in studies of the movements of normal and prosthetic legs in 
planes parallel to the plane of progression. A single camera 
was placed 16 ft from the plane of progression and a line of 
dowels at 1 ft centres was laid out 13 ft from the camera. The 
field of view was approximately 18 feet. The plate size 
used in the camera was 5x7 Inch and the cine film was 35 mm. 
The interrupted light frequency was 30 frames per second and 
the tine-camera speed was not stated. Measurements from the 
negatives were taken using a measuring micrometer reading 
to one ten-thousandth of an inch. Graphs of velocity and 
acceleration were obtained by rumerical differentiation of the 
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displacement data as follows: - 
x1.5 = (x - XI) /t 2 
-------- (5) 
Xl = X1.5 - 0.5)/t 
where t is the uniform time interval. 
The angular displacement of the upper and lower leg 
centres of gravity were analysed harmonically up to the fifth 
harmDnic, i. e. the constantsAo_5 and kl -5 were found In the 
following expression 
O=A 
0+ 
AI cos( 
27rt + k1ý + A2 cos( 47't + k2ý -- A5cos{ 
107rt +k 
TTT 
------- (6) 
where 0 is the inclination of the axis of the limb segment to the 
vertical at time t and T is the time for one complete cycle. The 
variation in the moment about the knee axis during the swing phase 
was also obtained for one subject using Fischer's and Weinbach's 
coefficients for mass distribution. In the analysis of 
displacements no mention is made of the correction for parallax 
in the measuring system which for the dimensions quoted corresponds 
to errors exceeding 10% in displacement, velocity and acceleration, 
when the subject is-at the end of the field of vision. 
Glass walkway studies were performed in which the subject 
is viewed in two directions by one camera and in one direction by a 
third. The 
4/ 
camera at the side records both the lateral view and the vertical 
view from below by means of an inclined mirror. The subjects 
wore a pelvic girdle with a long anterior extension to allow 
recording of pelvic movements and an ankle brace on which were 
mounted pins which penetrated the malleoli allowing recording 
of tibial rotation. Foot rotation was obtained from a white 
line on the sole of the shoe. Analysis was performed as 
previously described but because of the labour involved these 
records were generally used for visual rather than analytical 
comparison. 
One of the principal advances of the California Group 
was the development of a force plate to measure the six quantities 
necessary to define the resultant force actions transmitted 
between ground and foot during walking. This device 
is described in their 1947 report and also in more detail by 
Cunningham and Brown (1952). Their force plate is illustrated 
in Fig. 10 and comprises a top plate held to a base plate by 
four tubular columns. Electrical resistance strain gauges 
mounted on the column and connected in bridge circuits gave 
output signals to six pen recorders. The measured quantities 
were the components of the resultant force in three reference 
directions at the centre of the top plate and the component moments 
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about these axes. Difficulty was experienced in interpreting 
the records of three quantities due to vibration of the top plate 
in the horizontal plane corresponding to the bending flexibility 
of the columns. 'The amplitude of this vibration was reduced by 
the use of viscous damping units mounted between the columns. 
The signals from the three bridge ne tworks which depended on the 
resultant axial force in the columns required amplification before 
transmission to the pen recorders. Consistent linear static 
calibration curves are presented for each channel but no dynamic 
calibration is reported of the connected system comprising the force 
plate, strain gauge, amplifier and recorder. Cunningham (1950) 
reported additional information on gait obtained using this force 
plate. Tests were performed on ten normal subjects, seven 
below-knee amputees and eleven above-knee amputees walking 
on a straight level path: and on four normal subjects and three 
below-knee amputees proceeding in both directions on stairs and 
an inclined ramp. The results are reported as curves of 
components of resultant force and component moment about a 
vertical axis through the ankle. Graphs of variation of centre of 
pressure between ground and foot are also shown. No limb 
configuration records were taken and the results cannot therefore 
be used for estimation of joint forces and moments. 
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Using the University of California force plate Bresler and 
Frankel (1945) performed a full three-dimensional analysis 
of the periodic variation of resultant force and moment 
transmitted at ankle, knee and hip during walking on a straight 
level path for four young male subjects. Cine camera 
records were taken along the axis of progression and on a 
horizontal axis perpendicular to it. Marks on the skin 
surface were used to locate joint centre positions. No 
measurements were taken of angular rotations of the, segments 
about their long axis and the couples corresponding to angular 
acceleration about these axes are shown to be small by 
comparison with other force actions. The paper makes no 
mention of the distances from camera to subject or of corrections 
for the errors due to parallax and perspective in taking measurements 
from the images projected from the negatives. ' Accelerations 
were obtained by graphical differentiation of the curves of 
displacement and Fischer's coefficients were used to calculate 
the force actions due to gravity and acceleration. The 
calculations were performed by desk calculators and the 
calculations for the first subject occupied 500 man hours, although 
this was improved so that the calculations for the fourth and 
final subject occupied half of this time. 
4' 
Although Inman, who was active in the California Group, 
published a paper, Inman (1947), presenting a force analysis 
for the muscles of the hip, there appears to have been no attempt 
to relate the dynamic measurements of Bresler and Frankel 
to an analysis of the type presented by Inman. This analysis 
assumed the forces of Gluteus Medius, Gluteus Minimus, 
Tensor Fascia Lata, the I lio-tibial tract and the weight of the 
body to act in the same vertical plane containing the centres 
of the femoral heads. The lines of action of these forces 
were determined from X-ray measurements on cadavers having 
metal rods inserted along the length of the muscles and fascia. 
Since the three muscles concerned are synergistic, the forces they exert 
were assumed to be in proportion to their weights as determined 
from muscles removed from cadavers and dried. Tests 
were performed on 35 subjects using an integrated electromyography 
technique to ascertain the contribution to abduction action of 
the above muscles in standing on one leg. The subject stood 
on the left leg only and attempted to abduct against a known 
horizon tal force at the ankle as shown in Fig. 11. Integrated 
EMG values were read corresponding to different force values. 
Since the applied force exerted a moment about the hip this 
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procedure was taken to give a calibration of the EMG record 
against hip abduction moment. Readings of the integrated 
EMG values were then taken when the subject stood onsthe 
right leg. Tests, were performed at three angles of pelvic 
tilt. With the pelvis raised on the unsupported side the 
EMG values amounted to 91% of the calculated value. With 
the pelvis level the EMG values totalled 51% of the calculated 
and with the pelvis sagging 15 - 20 degrees to the unsupported 
side the percentage fell to 7. Inman concluded that a considerable 
amount of the necessary abduction moment was contributed 
by "passive tension" in the ilio-tibial tract. On this 
basis the resultant joint force was calculated to have a value 
of 2.4 to 2.6 times body weight. 
.. 
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A number of questions arise from Inman's analysis, ' 
however. If the ilio-tibial tract carries 49% of the hip 
moment when the pelvis is level, how is this force relaxed V 
when normal standing is resumed or the subject lies down? 
A tension of this magnitude would require adductor activity to , 
balance it in these situations and this is generally not present. 
Certainly, to move from relaxed standing on two feet to 
single support on the right leg requires horizontal movement 
If 
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of the pelvis to bring the body centre of gravity over the 
right foot and this corresponds to adduction of the right femur: 
i. e. when the pelvis is level during standing on the right foot 
alone, the right leg is adducted relative to its position in 
normal standing but the angular displacement is only about 
6 degrees. The assumption that muscle force is proportional 
to mass, is also of doubtful validity. Generally the maximum 
force which a muscle can develop will be proportional to its 
effective cross-sectional area and not to its mass. Inman 
offers no argument, either, to justify his assumption that, if the 
maximum forces which muscles groups can exert are in a certain 
ratio, the muscles will, in a particular situation exert forces 
in the same ratio. Inman's values of joint force must also be 
treated as conservative since the problem is treated as two 
dimensional. In fact the centre of gravity of the body does 
notf lie in the vertical plane through the hip joints and as shown 
by Williams (1964) additional joint force will be developed 
corresponding to this moment action. 
The analysis of Inman has been developed and varied 
in a number of papers such as Blount (1956), Backman (1957), 
Denham (1959), Frankel (1960) and Strange (1965) but none of 
these papers has proceeded to the essential analysis of the 
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three-dimensional dynamic system of forces during activity. 
Studies of the analysis of the gait of the normal 
individual and the amputee are being performed at New York 
University. The methods of analysis used are reviewed 
by Drillis (1955), (1959) and (1950). These authors are 
concerned only with movement parallel to the plane of progression 
and recommend therefore the use of interrupted light 
photography on a single plate camera. The use of accelerometers 
to study features of gait is also described. Drillis (1961) 
reports the alteration of the gait characteristics with age but 
only stride length and cadence are measured. 
Frankel (1960) and Hirsch and Frankel (1960) reported 
the results of tests on cadavers to determine the change in 
hip joint pressure due to alteration in support conditions 
from single to double support and due to increase in total body 
weight. The tests involved preparations of the upper half 
of the femur and the pelvis in which the joint capsule remained 
intact but all soft tissue was removed. The abductor 
muscle action was represented by a cable attached to the 
trochanter passing over a pulley fixed to the pelvis and carrying 
a weight at its free end as shown in Fig. 12. 'A hole was 
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drilled from the trochanter along the neck to pass through the 
head of the 'femur and penetrate the joint capsule. A transducer 
was introduced through this hole and fixed to the femur to indicate 
the force sustained by a limited area of the head of the femur 
when load was applied to the pelvis to correspond to the weight 
of the trunk. No tests were performed which simulated the 
full anatomical system of musclature of the three dimensional 
system of force actions present at this joint. 
To assess the suitability of different types of floor covering, 
the Building Research Station conducted tests on a walkway with 
force plate to determine the normal pressure and the tangential 
components of force between floor and foot. The force plate was 
similar to that described by Cunningham and Brown (1952) and 
cine films were taken from below by means of a mirror mounted 
below a glass section of the walkway. The test results are 
reported by Harper, Warlow and Clarke (1961) and cover tests 
performed on 48 subjects walking in a straight line and 44 walking 
round a double right-angled U corner. 
MacConnaill (1962) summarises the work of his previous 
papers and presents a version of the force analysis relating to the 
action of muscles at joints. Muscles are classes as "spurt" or 
Sz 
"shunt" in their action. A "shunt" muscle at all times 
develops a component of force, tending to prevent the separation 
of the joint surfaces. If a muscle (and its tendinoas connections 
if present) has a connection to bone distant c from the joint 
on the proxin al side and distant r on the distal side as shown 
in Fig. 13, the muscle will be a "shunt" muscle if c is greater 
than r. All muscles having a value of c less than r are 
classified as "spurt" muscles. It is explained that in general 
action spurt muscles are best adapted for developing moment 
actions at a joint whereas "shunt" muscles may frequently 
be called into play to preserve the integrity of the joint when the 
action of external force and the spurt muscles would cause 
scparation at the joint. There is however a paradox in this 
definition in that, for example, if a muscle is a spurt muscle 
as regards movements of the thigh relative to the trunk, the same 
muscle is a shunt muscle as regards movements of the trunk 
relative to the thigh. MacConaill also states the "law" of 
minimal muscle number :- "that no larger number of muscles is 
used for a task than is both necessary and sufficient for" ft" . 
Electromyographic studies by Travill and Basmajian (1961) and 
De Sousa, De Morass and Ferra? (1957,1958) are cited in support 
of this law. These studies show that in slow movements 
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against light load one muscle shows electrical ctivit3but that 
synergistic muscles are recruited as the load and/or'speed are 
increased. 
Beebe (1964) reports the results of tests performed on a t.;. x 
walkway, incorporating force plates, which was installed in an 
aircraft. The subjects walked along the path and a record 
was taken while the aircraft performed a manoeuvre 
which resulted in the reduction of the gravitational field experienced. 
Tests were performed with effective gravitational fields in the 
range 0.1 g to 1.0 g. Graphs are shown of the normal and the 
two shear components of the resultant ground to foot force. 
No records were taken of the spatial configuration of the subject 
and analysis of joint forces is therefore not possible . In some 
tests accelerometers were fitted to the test subject. 
In the course of a thesis concerned with the analysis of 
the stress in the neck of the femur Williams (1964) performs a 
three-dimensional analysis of the force actions of the femur during 
standing on one leg. Inman's values of the inclinations of the 
gluteal muscles and his ratio of forces developed are used but 
the' value of force in the ilio-tibial tract obtained by the use 
of electromyography is not used. It was assumed that ilio-psoas, 
rectus femoris and the ilio-femoral ligament all. contributed 
SS" 
to resisting the extension moment at the hip and that the force 
in these three members was the same. The necessary 
dimensions of the pelvic/femoral region were obtained by 
measurement from a part-skeleton and the proportions were 
compared with values quoted by Williams and Lissner (1962). 
From the equilibrium equations for the parts of the body supported 
by the one hip joint, and for the supporting femur, Williams 
obtains a value of total hip joint force of 1090 lb. for a subject 
of 180 lb. weight ,a ratio of 6.05: 1. It is suggested that this 
figure is in error for the following reasons. Williams considers 
the whole body weight WB acting on the body centre line as shown 
in Fig. 14 to be supported by force actions WB and H transmitted 
through the single supporting knee joint. This is impossible. 
The moment of the force FT in the ilio-tibial tract at the knee is 
not balanced by any moment acting on the femur from below. 
Williams equation A. 09 reads. 
EFT 
sin w+ FA sin Aa .h+ HL sin 0= F1 . d. sin 
4 
---- (7) 
This is the equilibrium equation for moments about the vertical 
axis 'QQ' through knee and femoral head and is correct for the force 
actions shown in Fig. 14. The moments of these forces 
about 'QQ' are, however small and it is suggested that these 
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moments will be comparable with thýse exerted by the rotator 
muscles which are not included in this analysis. For example 
if the equilibrium of the trunk and pendant leg is considered, and 
Williams equations are altered accordingly, the use of A. 09 
in some solutions indicates a negative tension In one muscle 
group which is obviously impossible. 
In addition, some of the values assumed by Williams are 
at variance with those used by other workers e. g. 
9S Williams 25° : Bachman (1957) 13.54 ± 1.14° 
b: Williams 1.52 in : Akerblom (1948) 0.71 in mean. 
The dimension d corresponds to the moment arm in flexion 
of the combination of the rectus femoris and ilio-psoas muscles 
and the ilio-femoral ligament. Williams value of 0.9 in seems 
small. If d=1.2 in, b= 0.7 In., O= 12°, and the errors 
in the equations are corrected, the value of the resultant joint 
force becomes 672 lb which is 3.73 times the assumed body weight. 
The only direct experimental evaluation of hip joint force 
known to the author is described by Hirsch and Rydell (1965) and 
Rydell (1966) .A male subject 51 years of age injured 
in a 
motor accident and a female subject 56 years of age injured in a 
home accident sustained injuries to the head of the femur. They 
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were treated by the fitting of a specially designed Austin 
Moore prosthesis. The prosthesis had a hollow neck of 
reduced diameter and increased length to allow electrical 
resistance strain gauges to be fitted inside. The strain gauges 
were arranged to give signals corresponding to the following 
load actions for both subjects. 
1. Axial force along the neck of the prosthesis. 
2. Bending moment in one plane (A) at the centre of the head. 
3. Bending moments in plane A 20 mm from the centre of the head. 
4. Bending moment in plane B- perpendicular to A at the centre 
of the head. 
5. Bending moment in plane B 20 mm from the centre of the head. 
The prosthesis fitted to the female subject had gauges ccnnected 
to a sixth channel to measure torsion of the neck. The gauges 
were connected to a sealed socket which was buried under the skin 
and fascia. Six months later, when the subjects were again 
ambulant and walking normally, tests were performed. The 
socket was brought out to the surface and connected to a bridge 
circuit whose output was fed to a galvanometer recorder. 
During and after final assembly of the prosthesis, load 
calibrations were performed under combined static load actions. 
Prior to installation the prosthesis was sterilised at a temperature 
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of 115°C and low relative humidity. It appears that calibration 
was not performed after sterilisation or when the prosthesis 
was heated to body temperature: this calibration would appear 
to be desirable even though the effect of temperature on the 
sensitivity of the gauge were expected to be small. 
The following tests were performed by the subjects: 
static and dynamic flexion and extension of the thigh: standing 
on one leg: walking in a straight line on a level measuring 
walkpath : walking up and down stairs: one subject performed 
a running test. After tests the lead wires were severed at 
the prosthesis and removed. 
During the level walking tests cine photographs and records 
of ground to foot force were taken. The cine records were 
taken by a single camera running at 64 frames/sec. mounted on 
a trolley which was moved by an operator to keep abreast of the 
subject. From the film, values of the angles of inclination 
of the thigh to the vertical were measured. A clock in the field 
of view of the camera was also connected to a galvanometer recorder 
to allow synchronisation with the forces recorded by the walk path. 
The walk path comprised two structures 5 metres long 20 
cm. wide placed side by side 2 mm apart to measure the successive 
forces exerted by the left and right feet. Each structure was 
instrumented to measure vertical force and force along the 
line of progression only. 
For each test values are quoted for: - the values of the 
three components of resultant joint force: the value of the resultant 
force and its angles to two reference directions. The 
greatest value of joint force recorded was that for the female 
subject during running when the joint force was 4.33 times body 
weight. In level walking the greatest ratio was 3.27 times 
and in standing on one leg 2.9 times, both of these being for 
the female subject. A typical graph from one of the subjects 
is shown in Fig. 15 
Merchant (1965) reports the result of tests performed 
on the assembly of a dried adult male pelvis and the right femur. 
Certain muscles were represented by chains connected to strain 
gauged force transducers and secured to act along the mid lines 
of the appropriate muscles. Five such connections were made 
to represent gluteus medius , gluteus minimus, the 
joint action 
of the ilio-tibial tract and tensor fascia lata, the joint action 
of the adduction muscles and the joint action of the hamstrings. 
Vertical load was applied by a cable attached to the spine. Tests 
were performed with the femur in different degrees of abduction/ 
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adduction and internal and external rotation. The values of the 
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forces measured by the three transducers representing abduction, ,' 
action are tabulated for each case. It is submitted, however, 
that this experimentation is invalid. 
At any instant in time three muscles forces only are required' 
to maintain the pelvis in equilibrium on the femur. Depending 
on the directions of the internal or body forces, these are, one 
abductor or adductor, one flexor or extensor and one rotator, 
internal or external. For three such muscles the forces may 
be calculated by the relevant equations for equilibrium, 
x. 
or, a 
corresponding laboratory experiment can be set up to give the same 
result as modified by the effect of joint friction: " If, as in y 
the living body, more muscles are present and active, the  
equations of statics must still be satisfied, but these equations are 
no longer, sufficient to obtain a solution, In the living; the 
values of the forces are determined by the degree of energisation; 
transmitted to the muscles from the central nervous system and 
on the effective cross-sectional area of the muscles. In 
at test on a dissecting room specimen the values of the forces in 
the'muscles'depend instead on the elastic stiffness of the 
connections representing them, generally the less extensible the 
connection. thA-nrPAtpr will bP the'share of load taken. in four of 
.ý . 
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the seven tests reported it appears significant that gluteus 
minimus, `weich is reprbsente'd by the shortest and least. 
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flexible chain, is shown as developing the greatest tension. 
In five of the tests it develops forces greater than gluteus 
medius, although anatomically the latter is a muscle of greater 
bulk. Merchant shows for one loading case that the sum 
of the forces in the elements of the abductor muscles corresponds 
to the value calculated by statics for a single member performing 
the same function. This cannot be held to validate the 
values' obtained for the individual muscles. The experimental 
technique is also incorrect in that, to represent the moment about 
the supporting hip of a man of 150 pounds weight, the line of 
action of weight of body + one leg is taken to be situated on the 
centre line of the trunk, instead of in the displaced position 
as shown by Pauwels (1935) and Inman (1947). 
The first results of the investigations carried out at the 
University of Strathclyde into the value of hip joint forces were 
reported by Paul (1965). Force plate and cine camera records 
were taken in a similar manner to that of Bresler and Frankel 
and used to obtain curves of resultant force and moment transmitted 
between the leg and the trunk. Lines of action of the principal 
muscle groups acting at the hip were delineated on a skeleton 
as shown in rig. 16 and these were combined into six major groups. 
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Skeleton with cords representing muscles and 
muscle groups. 
Fig. 16. 
4 
6J. 
1. The long flexors, comprising Rectus Femoris and Sartorius. 
2. Psoas/Iliacus. 
3. Gluteus Maximus. 
4. The long extensors, comprising Biceps Femoris (Long head), 
Semimembranosus and Semitendinosus. 
S. The Abductors, comprising Gluteus medius, Gluteus Minimus 
and Tensor Fascia Lata. 
6. The Adductors, comprising Adductor Magnus, Adductor Longus, 
Adductor Brevis, Pectineus , and Gracilis. 
The lines of action of these groups were taken to extend from 
the centre of their joint area of origin to the centre of their 
joint insertion or to any bony surfaces over which they passed. 
With the femur of the skeleton set to prescribed angles of 
flexion and extension, measurements were taken to define the 
position of the lines of action relative to a set of orthogonal 
axes through the centre of the head of the femur. From these 
measurements the moments about the two horizontal axes due 
to unit force in the muscle groups were calculated. The dimensions 
of the skeleton were related to these of the test subject by a 
single proportionality factor compounded from five measurements 
of the pelvis and femur of each. 
Using this information the forces in the muscles and the 
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corresponding joint forces were calculated. Since two 
groups of muscles resist extension of the femur on the trunk, 
two solutions for joint force are possible, depending on which 
group is presumed to carry the moment action exclusively. 
A similar situation exists for the extensor muscles. For any 
instant in time the value of the true joint force will lie between 
these two values. The results presented for one subject 
of 180 lb. weight show a value of joint force of 1050 lb. on the 
most optimistic selection of muscle action. This is a 
joint force/weight ratio of 5.8. 
To eliminate the labour of calculations the first part of 
the procedure had been programmed for digital computer solution, 
and graphical smoothing of displacement curves was replaced, 
by a nine point double differentiation formula which involved 
a least square fit of the experimental points. 
Hunt (1965) reported the results of an investigation into 
the accuracy of this procedure, using accelerometers mounted 
on the shank of the subject. The results showed that generally 
the differentiation procedure was satisfactory and that the 
use of the accelerometers would involve excessive complication 
and constriction of the test subject. 
Further results of the test procedure described above was 
'% 
reported by Paul (1966) and improvements in the experimental 
technique were described in Paul (1967). 
Determination of Mass Properties of Body Segments. 
Braune and Fischer (1890,1892) performed a series of tests 
on four frozen cadavers to determine the mass properties of the 
human body. Tests were performed on the intact bodies 
to determine the centre of gravity. There is some doubt, 
however whether these values obtained from cadavers frozen 
on a horizontal table are relevant to the upright subject. The 
most valuable part of the work, however, relates to three of 
the cadavers which were cut into segments at the principal 
joints of the body. These segments were weighed: 
their C. G. positions were determined by two point support 
and their second moments of mass about their centre of gravity 
were determined by measurement of their period of oscillation 
when suspended vertically from pins driven through the bone. 
The results quoted show: - 
1. the mass of a part of the body as a fraction Cl d the total 
body weight. 
2. the centre of gravity position as a distance C2L from the 
proximal joint where L is the length of the part. 
6 
3. the radius of gyration about an axis perpendicular to its 
length as a fraction C3 of the length of the part. 
4. the radius of gyration about its longitudinal axis as a 
fraction C4 of the diameter of the part. 
The coefficients are averages of the results of the three 
dissected cadavers. The centre of gravity in each case is 
taken to lie on the line joining the joint centres. The radius 
of gyration is taken to be the same about both principal axes 
perpendicular to the line of joint centres. The values of the 
coefficients are quoted in table 3 and have been used by many 
subsequent investigators. It should be noted that the figures 
quoted here are average values from the three subjects measured, 
not the values from the third subject only, which are quoted in 
several papers. 
The first significant study after Braune and Fischer was 
that of Amar (1914) who assumed simple geometrical forms for 
parts of the human body in order to calculate moments of inertia 
from simple body dimensions . The trunk was assumed to 
be a right cylinder and the thigh, shank, upper arm and forearm 
were all assumed to be frustra of cones. Zook, (1930) studied 
volume changes of balysegments with age for males between the 
ages of 5 and 19 years, using an immersion technique which was 
PART OF ßOpý. cl C2 C3 C4 
HEAD. 0-069 0.74 0.43 -- 
TRUNK & NECK. 0.462 0,339 0,3 
ONE UPPER ARM. 0.033332 0.47 03 0.35 
ONE FORE ARM. 0.0209 0.42 0.5 0-. 35 
ONE HAND. 0.0084 0.3 0.35 
ONE THIGH. 0.1072 0.44 0.3 0.35 
ONE SHANK. 0.047$ 0.42 0.3 0.35 
ONE FOOT. 0.0169 0135 03 0.35 
WT. OF PART = Cl x TOTAL. BODY WT. 
OIST. OF C. G. FROM PROXIMALJTn C2 X SEGMENT LENGTH. 
RAO. OF GYRATION ABOUT 
TRANSVERSE 4X15 THR0' CG. = 
C5 x SEGMENT LENGTH. 
RAD OF GYRATION ABOUT C4 SEGMENT DIAMETER. 
LONSrTUOINAL AXIS THRO' C6. 
BRAUNE 8 FISCNERýS COEFFIOIENTS 
'TABLE .3 
7o 
claimed to allow the direct determination of specific gravity. 
This last statar rt is challenged by Drillis, Contini and 
Bluestein (1964). 
Salzgeber (1949) reported that in the period beginning 
1930 Bernstein performed tests on a single cadaver whose 
extremities were dissected into segments of 2 cm. height and 
weighed. The conclusion reached was that the centre of 
volume and centre of mass of the extremity were coincident 
and that volume determinations by immersion or other techniques 
could be used to obtain mass, centre of gravity and second 
moment of mass. Bernstein, Salzgeber, Pavlenko, and Gurvich 
(1936) at the Russian All-Union Institute of Experimental 
Medicine in Moscow performed an extensive investigation into 
body segment parameters of living subjects. These 
investigations were reported in a monoTaph which the writer has 
been unable to obtain in this country. Drillis et al quote 
extracts from the monogm which show that, whereas, for the 
range of 152 subjects studied by Bernstein, the average mass 
properties are in fair agreement, the extremes of the range differ 
considerably from the values of Braune and Fischer. Bernstein 
claims that his technique allowed the determination of mass centre 
to an accuracy of +1 mm. Considering a typical femur of 
7, 
16.5 in. length this is an error of only ± 1/4 per cent. 
Unfortunately no details are available of the test procedure used. 
Weinbach (1938) propounded a method for calculation of 
body segment mass properties based on a series of measurements 
of the subject taken perpendicular to the long axes. The 
analysis was performed by producing for the standing subject 
a curve showing for any horizontal level the area of the cross- 
section of the body at that level. This curve was obtained 
from the measured dimensions assuming that each cross-section 
of the body was elliptical in cross-section. The volume curve 
was then integrated twice, graphically, to allow the obtaining 
of volume, centre of volume and second moment of volume. With 
the further assumption of uniform body density of 1.00 gm/cm3 the 
mass properties were obtained. The assumption of elliptical 
form of cross-section is certainly in error for regions with bony 
prominences such as the foot, the knee and the hip. " To 
evaluate this error, in other regions the author performed certain 
calculations based on typical cross-sections of the human 
leg 
illustrated by Morton (1944). The areas of these were measured 
by planimeter and compared with the values based on Weinbachs 
assumption. Two cross-sections of the shank and two 
of the thigh were investigated. The percentage eTors ranged 
i4 
from 2- 10% averaging 5.5%. 
gave an overestimate. 
In each case Weinbach's method 
The validity of the density figure quoted by Weinbach is 
doubtful, since in the foot and lower shank the proportion of bony 
to soft tissue is vastly different to the value at mid-shank and 
mid-thigh. Bashkirew (1958) quotes a variation in the specific 
gravity of different regions of the body from 0.978 to 1.109 with 
a mean value of 1.044. Thus the assumption of uniform specific 
gravity of 1.00 will give a probable mean error in total mass of 
segment of 4.4% and an extreme error of 10.9%, with corresponding 
errors in centre of gravity position and second moment of mass. 
Dempster (1955), who had then no information about 
Bernstein and co-worker's studies, repeated and extended the 
range of Braune and Fischez's studies using cadavers. Dempster 
obtained the volume, mass, centre of gravity position and second 
moment of mass for the segments of eight cadavers. The volume 
was obtained by immersion. The values of the coefficients 
Cl, C2, C3 referred to by Braune and Fischer differ from those of 
Dempster particularly in respect of Cl the weight of the segment 
as a fraction of total body weight. The average of Dempster's 
Cl values for head, neck and trunk without limbs is 0.565 compared 
with 0.497 from Braune and Fischer, This is probably accounted 
ol 
for by the difference in subjects. Dempster's cadavers were 
in the age range 52 - 83 at death and had an average weight of 
only 131 lb. whereas Braune and Fischer's cadavers of average 
weight 141 lb and aged 45 - 50 were close in height and weight 
to the average German soldier and presumably well developed 
in the muscles of the limbs. Dempster analysed his results 
statistically and quotes regression equations for the appropriate 
quantities. Williams and Lissner (1962) illustrate Dempster's 
results in the diagram reproduced as Fig. 17. 
Studies are currently proceeding at New York University 
to determine and correlate values for the volume, mass, centre 
of gravity and second moment of mass for segments of the 
living human body. Drillis et al describe the following experimental 
techniques although no results have yet been published: - 
1. Volume measurement by displacement. 
2. Volume measurement by photogrammetry. 
3. Change of reaction measurement. 
4. Quick release technique. 
5. In vivo pendulum test. 
6. Model pendulum test. 
7. Torsional pendulum test. 
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In (1) the displacement procedure, the segment is suspended in 
a regular containing vessel of cross-section not much greater 
than that of the segment. -Measured 
volumes of liquid are 
added and the corresponding changes of liquid level are-a; measure 
of the local cross-sectional area of the segment. . 
The ' curve 
of area to liquid depth is integrated to obtain total volume and 
; '. centre of volume. In (2) the photogrammetric method,, the segment 
of interest is photographed and the resulting picture is treated, 
as an aerial photograph of terrain, upon which- contour levels 
are applied. The portions of the body'part between successive 
contour levels form segments whose volumes can. be found by 
the use of a polar planimeter. 
In (3)the reaction change technique, the subject lies 
on a board which is supported on two axes, distance D apart 
""a S shown in Fig. 18. 
The reaction R at one of the supports is measured with 
the segment in one position say 02 to the horizontal. When the 
segment is rotated to position 92 the reaction changed by 
SR. 
If the weight of the body part distal to the joint at which rotation 
occurs is wand the centre of mass is d from the joint then 
wd (cos X61 - cos ßf2) = SR. D. ---- (9) 
If the centre of gravity position is known i. e. d, QS and QS 
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are known, the technique can be used to obtain mass of the 
segment. 
In (4), the quick release method, the subject exerts', 
a moment about a joint against a measured restraint as shown 
in Fig. 19. When the restraint is suddenly released the 
part distal to the joint is subjected to an accelerating torque 
whose initial value will be that produced by the restraint. If 
the resulting acceleration is measured, the second moment of mass 
of the parts distal to the joint can be calculated. 
In (5), the in vivo compound pendulum method, the 
segment is made to oscillate about its proximal joint 
(a) alone 
(b) with a known mass fixed at a definite location 
(c) with another known mass fixed at the same location. 41P 
The periods of oscillation in these three tests allow the I 
calculation of the effective centre of rotation, the centre of gravity `, 
and the second moment of mass. 
In (6), the model compound pendulum method, a plaster 
of Paris casting is made of the segment, and this is used to 
determine centre of gravity and radius of gyration by suspending 
it as a compound pendulum from two axes in succession and 
measuring the periods of oscillation. 
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The period of oscillation of a plate supported in a. 
horizontal plane and oscillating about a vertical axis against 
the elastic restraint of a bar loaded in torsion can be measured. 
The alteration in period where the mass of a test subject 
is supported on the plate is the basis of the "torsional pendulum" 
method(7) as shown in Fig. 20. If the segment of interest 
is placed successively in three different positions in the plane 
of the plate as shown in Fig. 21 the corresponding measured 
periods of oscillation allow the calculation of the mass of the 
segment and the position of the centre of gravity. The authors 
do not state this, but if the segment of interest was moved so 
that its axis was inclined to the plane of the plate information 
could also be obtained about the second moment of the mass of the 
segment. 
In method (1) since the limb is held below trunk level it 
appears that for the hand and arm the values obtained will be in 
error due to engorgement. This effect is obvious in Fig. 22 
which is reproduced from the paper. Methods (1), (2) 
and (6) assume uniform density of known value throughout the 
segment. Method (3) allows the direct determination of the 
first 
moment of mass about the proximal joint of the segment (md). 
Method (4) allows the direct determination of the second moment 
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of mass about the proximal joints m (dz + k2). Method (5) 
appears to offer the most information directly measured but 
it should be realised that the quantities depend on the differences 
in the squares of the periods of oscillation of the segment alone 
and with added weights. Since the number of "free" oscillations 
of "small" magnitude performed before coming to rest will 
be very small, the accuracy of determination will be poor. These 
comments refer also in part to method (7), although in this 
case the number of oscillations before the plate comes to rest 
will be much greater, yet the change in second moment of mass 
about the centre of rotation due to movement of one body 
segment will be very small compared to the total second moment 
of mass of the whole body and the supporting table and the 
accuracy is therefore open to question. Another serious 
objection to methods (3), (4), (5), (6), and (7) is that if 
separate values are required for the properties of all the segments of 
a limb, for example foot, shank and thigh, successive tests 
must be made to determine the properties a for the foot alone 
b for the foot and shank together and g for the shank and thigh 
together. During tests b and c particular care must be taken 
to maintain the further part or parts in the same position relative 
to the segment of interest. The accuracy of determination 
Y2 
for the nearer parts will also be prejudiced since in the values 
obtained for the whole leg the greatest fractions will correspond 
to the further parts. 
It is apparent that no ideal method has been cited to 
determine the mass properties of segments of the human body. 
Drillis et al state that an extensive survey is in progress to 
relate the mass properties as determined and correlated by the 
above tests to the subjects' weight and build as described by 
"somatotype" (Sheldon Stevens and Tucker (1949), Sheldon, 
Dupertuis and McDermott (1954). ) The results are awaited 
with interest. 
Physiology and Dynamics of Muscle Action. 
Anatomy of Muscle. 
Three basic types of muscle exist in the human body. 
Smooth muscle forms the walls of the stomach, bladder and the 
tubes of the circulatory system. It is involuntary in action 
but contains pain nerve endings and is more sensitive to thermal 
and chemical stimulae than other muscle types. Smooth muscle 
is generally slow in action. Where rapid movements are 
required as in the musco-skeletal system, striated muscles 
are found. Striated muscles are composed of thread like 
fibres displaying alternate dark and light bands. These muscles 
ýý 
have nerve connections to the cranial or spinal nerve centres 
and are under voluntary control. In addition to the nerves 
controlling the action of the muscles there are nerve endings 
sensitive to pain and proprioceptors which transmit signals 
corresponding to the instantaneous length of the muscle. Cardiac 
muscle displays structural and functional resemblances 
to both skeletal and smooth muscle. Its contractile elements 
are transversely striated but adjacent fibres have nerve cross 
connections with the result that all fibres are energised 
simultaneously. In the present study skeletal muscle alone 
is of interest. 
In striated muscle, the elongated cell which comprises 
a muscle fibre is enclosed in a thin, structureless selectively 
permeable membrane adhering to an outer network of fibres. 
This keeps the adjacent fibres from merging into a single 
jelly-like mass and isolates them so that they can function as 
separate units. Units of 100 to 150 muscle fibres are bound 
with connective tissue into bundles called fasciculi and several 
fasciculi are bound together in turn by a sheath to form a larger 
unit. Bundles of these are enclosed in a further network of 
fibres to form muscle. The various sheaths merge together 
to form the tendon which connects the muscle to the bony surface 
Sý 
of origin or insertion. The thickness and strength of the 
external sheath varies greatly with the location of the muscle, 
being greatest near the distal end of a limb where the muscle 
might be near the skin surface and subject to blows and 
abrasions. These sheaths are elastic up to strains of 40 per cent. 
The relative amounts of connective and contractile tissue vary 
greatly from muscle to muscle and this leads to difficulty in 
comparing the results of experiments on muscle physiology. 
In gross structure, muscles can be classified in two 
main types, fusiform or penniform, although there are variations 
from each main form - as shown in Fig. 23. In the fusiform 
or longitudinal muscle, parallel fibres extend along the full 
length of the muscle from one tendon to the other. Muscles 
of this type are capable of contraction to about 70% of their 
maximum anatomical length. Where less contraction and greater 
force are required the pennate form is found. In the 
unipennate form, muscle fibres extend from one side of one tendon 
to one side of the other tendon. Bipennate muscles, have one 
tendon split into two parts from which muscle fibres extend 
to the other tendon which is situated centrally. As shown in 
Fig. 23, more complex arrangements are generally described 
as multipennate. 
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Nervous System. 
The basic characteristics of nerves are generally 
described as excitability and conductivity and the 
conductivity must further be limited to unidirectional, transmission. 
A nerve cell including all its parts is generally described as a 
neuron. The nerve cell body has numerous short branched 
connections known as dendrites conducting impulses toward 
the cell body and a long slender connection called the axon 
along which the nerve stimulus is transmitted. At its end the 
axon frequently divides into numerous branches'as shown in 
Fig. 24. In the case of 'motor' neurons these branches are 
attached to muscle, one branch per muscle fibre. The dendrites 
receive impulses from the terminal branches of the axons of 
other nerves, the junctions being called synapses . 
The transmission of an impulse along a nerve is not by 
conduction as known in metals or electrolytes. Controversy 
currently exists on the precise electro-chemical mechanism of the 
transmission, but it is generally agreed that an unstimulated nerve 
has standing potentials positive externally and negative internally, 
as shown in Fig. 25. On stimulation, these potentials are 
. rI 
reversed over the stimulated region and this system of reversed 
potentials travels down the nerve at a speed between 6 metres/sec 
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and 120 metres/second depending on the diameter of the fibre. , 
After the impulse passes a segment of the nerve fibre, the 
segment recovers to its original polarised state and is then 
ready to transmit a new impulse. If a second stimulus is applied 
before the recovery: -of the stimulated segment has occurred' 
no impulse is transmitted. The order of magnitude of the 
recovering time may be about 1 m. sec. A nerve fibre will 
not respond unless the stimulus is of a certain minimum threshold 
value and a single threshold stimulus will start one impulse 
travelling along the nerve. Increase in stimulus strength will 
not affect the impulse magnitude or velocity, and control of the response 
of the motor unit is achieved by adjustment of the repetitive . 
frequency of stimuli. ý. `y tea`' +' .,, ý'ýy " 
Each nerve branch is attached to many muscle fibres but':: 
these fibres are not necessarily in the same bundle, the fibres 
in each bundle are separately innervated by branches from several 
nerves. The signal transmitted by the nerve is fed centrally 
into the muscle fibre at the "motor end plate". One nerve and 
all the muscle fibres connected to it are collectively designated 
a motor unit. It is reported by Feinstein et al (1955) that in 
the human leg muscle there are 2,000 muscle fibres per motor unit. 
Motor units contract sharply upon the arrival of a nervous impulse, 
:9 
provided that the impulses do not repeat at a frequency greater 
than 50 per second. A strong muscular contraction requires 
the action of many motor units and in normal healthy muscle 
the necessary impulses transmitted by the many axons are arranged 
to be asynchronous so that the sum of all the seta to contractions 
may be a smooth exertion of force as described later. 
The voltage from a single impulse transmitted by a nerve 
to a muscle fibre varies with time as shown in Fig. 26 A. 
Conventionally a negative pulse is shown upwards. This 
single pulse occupies a time of 7 m. sec. and has an amplitude 
of 0.8 mV. Figures 26 B, C and D show the patterns recorded 
as firing occurs in increasing numbers of motor units. If 
electrodes are situated in the neighbourhood of the muscle 
they pick up these signals and the pattern recorded, after suitable 
amplification is referred to as an electromyogram. The 
occurrence of numbers of potential 'spikes' is evidence that 
the muscle is contracting or exerting force. 
Various types of electrodes used to pick up myo-electric 
signals are described by investigators, Close (1963), Basmajian 
(1962) Joseph (1960) Bechtal (1957). Inserted electrodes are 
either of needle form or, if composed of flexible wires, are 
introduced into the muscle by a hypo'ermic needle. Inserted 
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electrodes are sometimes unipolar and require to be 'paired' 
with another electrode either surface or inserted. In a bipolar 
electrode two insulated leads are introduced simultaneously 
generally through the base of a hypodermic needle and lie in the 
same localised region of muscle. Inserted electrodes are essential 
in clinical use where velocity of impulse transmission and 
synchronisation of motor units are under investigation. It 
is reported however that in all cases the subject experiences 
discomfort and in some cases pain, when muscular contraction 
occurs while the electrodes are installed. Where large 
muscle movements are involved as in walking their use is 
particularly circumscribed. 
Surface electrodes comprise pairs of discs, generally of 
silver, mounted some distance apart, on the skin, over the 
location of the muscle of interest. Conduction to these discs 
is generally improved by (i) removal of surface grease from the 
skin using a solvent: (ii) removal of dead skin by abrasion, and 
(iii) application of an electrolyte jelly to the skin/disc interface. 
Generally an additional grounding electrode is secured to a distal 
part of the region investigated and a lead to this is used as a 
screen for the leads of the working electrodes. The disadvantages 
of surface electrodes are reported to be as follows. 
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1. Signals from more than one muscle may be picked up. 
2. Only surface muscles can be investigated. 
3. The signals picked up are smaller, require more amplification 
and therefore pick up more interference. 
4. The magnitude of the signals picked up depends on the 
thickness of the layer of subcutaneous fat and varies therefore 
with the test subject. 
The advantages of surface electrodes are their ease of 
application and the extended area of muscle from which signals 
are picked up, allowing a more representative picture to be 
obtained of the gross muscle action. 
The magnitude of the signal received depends on the type of 
electrode employed. In mild muscular activity an inserted 
electrode may pick up spikes of activity of 100/, tV peak to peak 
where a surface electrode would pick up 40p. V. The signals 
cannot be described as having a frequency of occurrence since 
this implies regular repetition. The peaks may occur at rates 
of 40 - 50 per second. To record the peaks an instrument 
reproducing uniformly over a frequency band of 10 - 2,000 cycles 
per second is recommended. To drive a recording instrument 
considerable amplification is obviously required and the amplifiers 
must be designed to reject 'common mode' signals e. g. signals 
9) 
due to interference from other electro magnetic fields which 
will be common to both pick up leads. An extensive range 
of instruments is available with outputs either to cathode ray 
oscilloscopes whose trace may be photographed or to galvanometer 
recorders of the inking or photographic recording types. Generally 
the electrodes are connected to the amplifiers and these 
to the recorder by screened cables. Battye (1962) describes 
a radio telemetry system to transmit electromyograph signals 
from electrodes on a moving subject. 
The electromyogram (EM G) has been used by many 
investigators to indicate activity and the periods of activity of 
muscle. Studies on the leg muscles involved in maintaining 
the upright human posture are reported by Joseph and Nightingale 
(1952), Joseph and Williams (1957), Joseph (1963), Basmajian 
(1962) and Close (1963). Studies of the phasic activity of the 
muscles of the leg in walking have been reported by Hirschberg 
and Nathanson (1952), University of California (1953), Hardy (1959), 
Close and Todd (1959), Houtz and Fischer (1960) Sorbie and Zalter 
(1965), Joseph and Battye (1966). The University of 
California publication reports the results of tests on six normal 
subjects (5 male, one female) in which electrodes were inserted 
into 28 muscles, situated between the ankle and the lumbar region. 
94 
After insertion of the electrodes galvanic stimulation was applied 
to them so that it could be ascertained that the electrodes were 
in the desired muscle. This was repeated at the conclusion 
of the tests . Records were taken for each muscle when the 
subject walked as follows: 
1. At normal speed on the level. 
2. Rapidly on the level. 
3. Upstairs. 
4. Downstairs. 
5. Up a ramp. 
6. Down a ramp. 
The EMG signals were rectified and smoothed before 
recording to give continuous curves whose magnitude bore 
some relation to the muscle force. The correlated results of 
the tests on rectus femoris of six subjects are shown in Fig. 27. 
The report states that there is a time delay between the peak of 
electrical activity and the peak of force tension. The force 
peak lags by about 0.08 seconds. This may be due to the 
electrical characteristics of the rectification and smoothing 
circuit or to the physiological performance of the muscle. 
The records were taken for one muscle at a time. It 
was stated that mutual interference made it impossible to investigate 
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more than one muscle at a time. No such difficulty was 
reported by Sorbie and Zalter. The given figures imply that, 
each subject had to perform a total of 168 test runs, disregarding 
those which had to be rejected. It appears likely that there 
vä11 be significant variations in gait between test runs. 
Joseph and Battye reported the results of walking tests 
on 14 normal subjects, 8 male and six female, in the age range 
14 - 48 years. Surface electrodes were used and the signals 
from one muscle at a time were transmitted to the recorder 
by radio telemetry. A single photograph was taken during each 
test, and the instant of firing of the flashgun for this was 
recorded together with the EMG. To analyse the phasing " 
of muscle action relative to heelstrike and toe-off this single 
photograph was compared with a series of 23 cane photographs 
of the gait of another test subject, shown in Fig. 28. It appears 
that this sytem will be unreliable where test subjects display 
major gait differences. Results are reported for electromyograms 
taken from eight sites in the leg and hip and the results are 
analysed statistically. Typical results are shown in Fig. 29. 
In the analysis of body dynamics any method of obtaining 
the instantaneous value of the force developed by a muscle 
would be advantageous. If a muscle is connected to a non-deflecting 
Cine Record of Phases of Walking 
(Joseph and Battye (1966) 
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measuring instrument, and a single impulse is transmitted 
to it by a motor nerve the force time behaviour of the muscle is 
as 
, shown 
in Fig; ý-30. The effect on muscle force of the time 
interval between two successive stimuli is shown in A, `B 
and C of, Fig. 31. The curves B-E of Fig: -32 show respectively 
the effect of increasing the frequency of a succession, 
of impulses to a muscle. When the frequency. is sufficiently 
rapid the smooth curve of force E is attained:, this situation "' 
is called tetanus. It is shown also in Fig, ' 33 that a smooth 
muscular pull can be developed by two muscle fibres,, each 
of which is in a state of partial tetanus, provided the 'nerve ". 
impulses are asynchronous. The individual muscle fibres 
display an all-or-none behaviour in that if the stimulus , 
is-below 
a certain threshold magnitude no contraction will occur and if 
contraction does occur it will be a maximal effort regardless 
of the amount by which the stimulus exceeds the threshold. ". 
Stronger stimuli to the nerve, will increase muscle, force, however,, 
since more muscle fibres will experience supra-threshold stimuli. 
The foregoing accounts stem from typical text-books on 
. .1 
Physiology (Samson, Wright (1961), Fulton (1955) etc. ). Whitney 
(1958) contends that the concept of tetanus is never realised 
in living muscle and that all muscular force action has an oscillating 
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component of from, 10 to 35 cycles per second superimposed 
on a mean value and, that, this component causes cyclical 
: `tremors particularly during great exertion. This appears '. 
likely : since the maximum frequency of occurrence of impulses 
is reported by electro-myographic investigations to be about 
50 per'second whereas tetanus is reported to require' frequencies 
of over 100 per second in the human. 
All the above relationships depend on the muscle being, 
tested isometrically. If the length of the muscle changes: `-', 
stimulation, the force P, and the velocity of shortening 
V are related by the following equation due to Hill (1938) 
(P +a (V + b) = constant = (P0 + a)b. --- (9) 
where Po is the maximum force developed in isometric tension -, 
" and a and b are constants. According to Wilkie 
(1956) this.. 
equation is valid only in a limited region of stretch of the 
muscle since the maximum force developed in isometric tetanic 
stimulation corresponds to the amount of stretch imposed as 
shown in Fig. 34. ';, Wilkie suggests that the equation should "; ,. 
" 
be, modified to read: -, 
V= 
Cfl (x) - PJ. b/ (P + a) ---- dt 
where fl(x) represents the P-x curve of Fig. 34. 
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Unfortunately this well-substantiated work on the 
force/velocity equations for muscle was derived from tests 
on muscle in vitro to which full tetanic stimulation was applied. 
In the living body all fibres are not stimulated at any instant 
and the fibres which are stimulated are not in full tetanus. 
The relationship between stimulus as manifested by electromyogram 
and muscle force has therefore been the subject only of 
experimental investigation. Dern, Levene and Blair (1947) 
performed tests to investigate the force velocity relationship 
for human arm muscles using an electromyograph to record the 
occurrence of stimulation in the muscles. In these tests, 
however, the subject was in all cases instructed to perform 
maximum voluntary movements and the results are not therefore 
applicable to sub-maximal contractions. 
Inman (1947) in his study of the abductor muscles of the hip 
obtained a curvilinear relationship between E, the'Voltage 
integrated count per second" signal from skin and needle electrodes 
applied to the abductors, and M, the adduction moment applied 
to the leg. It is apparent however that no attempt was made 
to maintain the length of the muscles at a constant value. 
Inman, Ralston, Saunders, Feinstein and Wright (1951), working 
with the University of California group; performed tests to 
/`0ý4 
relate electromyogram output and muscle tension. The. 
EMG output was rectified and smoothed: this process 
was described as "integration". The results show that 
regardless of the type of electrode employed, curves of force 
and integrated EMG are similar provided isometric conditions 
are maintained but the EMG/force relationship is not plotted. 
A discrete time interval of 0.08 ± 0.02 sec. elapses between the 
occurrence of a maximum in the EMG record and the corresponding 
maximum in the force record. This cannot be ascribed 
exclusively to the smoothing circuit since the charge time for 
it is only 0.01 sec. 
A series of controlled experiments to correlate integrated 
myo-electric potential signals to muscle force are reported 
by Lippold (1952) and Bigland and Lippold (1953). The 
experimental layout of Lippold is shown in Fig. 35 and nseds 
no further explanation. Surface electrodes were applied over 
the calf muscle gastrocnemius. The EMG records were 
integrated byiianimeter and all tests on thirty subjects indicated 
a linear relationship between integrated activity and force 
sustained. The test action is , however, produced also by 
the Soleus muscle and no information is supplied on whether 
Soleus was active during all or any of-the tests. There is 
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evidence, Travil and Basmajian (1961), De Sousa et al (1958), 
that synergistic muscles are successively-recruited as the 
intensity of, loading increases. If this obtained here, the 
linear relationship no longer holds between the muscle force 
of Gastrocnemius and Integrated EMG. 
The previous apparatus was modified to allow dynamic 
tests, either at constant velocity with varying degrees of 
force or at constant force with tests performed at different 
velocities. It was found that at any velocity the force/ 
electrical activity graphs remained linear but that the slope of the 
graph varied with velocity. It was suggested but not 
established that the slope varied linearly with velocity. It 
was found that corresponding results were obtained whether 
surface or implanted electrodes were used. 
Tests to relate integrated EMG values to force in the 
back muscles are reported by Asmussen, Poulsen and Rasmussen 
(1965).. Readings were taken from electrodes on the erector 
spinne muscles as the subject, with back straight and inclined 
at 45° to the vertical, attempted to lift the shoulders against the 
restraint of a strain gauge dynamometer. The results obtained 
on one subject on sevendifferent occasions within one month 
are shown in Fig. 36. The scatter in results is probably due 
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to small differences in electrode placement, alteration in skin 
resistance, and varying amonnts of muscular contraction from 
test to test. 
Isidor and Nicolo (1966) have made a comparison of various 
electrical circuits used to "integrate" the myo-electric signals 
to obtain a function corresponding to muscle forces. Six 
mathematical functions and the corresponding electrical 
circuits are described and the results from a test on the arm 
muscles of one subject are described. No details of the test 
procedure or of limitation of arm movement are quoted. 
Three analytical papers are on file from Nubar at New York 
University. These attempt to fit mathematical models to 
the dynamic behaviour of biological material. In Nubar 
and Contini (1961) an attempt is made to relate the instantaneous 
or static position adopted by an individual to a function referred 
to as muscular effort. 
Muscular effort, E, is defined as: - 
E=E Cm M2m At +A ----- (Il) 0 
where Cm is a numerical factor, 
Mm is the moment transmitted by a joint, 
At a short interval of time, 
and Ao an initial constant. 
109, 
This is justified by saying that for one muscle its effort 
may be assessed by the product of muscular force and time of 
operation. Moment at a joint, M, is however muscle 
force multiplied by lever arm and muscular effort can therefore 
be taken to be Chat . Since the moments at joints may be 
positive or negative and all muscular efforts are defined as 
additive, this term is arbitrarily modified to CM2 &t. 
A minimal principle is then postulated as follows: - 
"A mentally normal individual will, in all likelihood, move 
(or adjust his posture) in such a way as to reduce his total muscular 
effort to a minimum, consistent with the constraints. 11 
Equations of force equilibrium are then set up relating the 
angular displacements and acceleration for a body part with 
the joint moments. It is stated that if the minimising procedure 
is applied to the muscle effort equation a sufficient number of 
times)then a solution can be obtained for the muscle forces. 
Only one example is quoted, however, for a static configuration 
of a five segment plane figure representing a human body 
standing on one leg with the supporting foot 20 ins. behind 
the free foot. The writers suggest that tests should be 
performed on a range of subjects to see if they adopt a configuration 
corresponding to the solution obtained using arbitrary 
coefficients. 
' I/O 
It appears that this work is not readily applicable 
to the analysis of gait since it is not established that CM2 At 
is a measure of "muscle effort". In addition the paper notes 
that due to the physical structure of the body, other limiting 
factors will exist expressing the greater moment carrying capacity 
of one joint than another and the conscious or unconscious 
"favouring" expressed by the individual in response to pain 
or discomfort stimuli from weaker joints. It Is suggested 
also by the present author that the analysis is not sufficiently 
basic since it neglects the possibility of antagonistic muscle 
activity and the division of load bearing by synergistic 
muscles. 
The force deformation relationships in muscle are analysed 
in Nubar (1962). Muscle is assumed to consist of an 
indefinite number of single fibres which are postulated to exhibit 
a cubic stress/strain relationship defined by three elastic 
moduli and three generalised'Poisson' ratios. The change in 
fibre'thickness is expressed as a cubic function of the 
longitudinal strain by four coefficients dependent on the stimulation. 
It is assumed that the elongation of each fibre is proportional 
to the square of its distance from the centre line of the muscle. 
No justification is made for this basic assumption. Arbitrary 
If 
values are given to nine of the ten assumed coefficients and 
the shape of the length/tension curve for stimulated muscle 
is compared with a corresponding curve obtained by Ramsey (1947) 
from tests on isolated frog muscle fibres in vitro. In view 
of the number of coefficients to which values are to be 
assigned, it would appear that it would be possible to fit 
quite widely varying curves by the expressions obtained. 
The thermodynamics of muscular force transmission are 
considered by Nubar (1963). For a series of muscles 
developing force F, and experiencing a length change of ill, 
the heat liberated in time dt is expressed as 
(Heat Output of Muscles) =1 (mFdt - ndl) ---- (12) 
where m is a proportionality factor of dimension velocity 
and n is a proportionality factor of dimensions force 
In and n are referred to as heat coefficients of the muscles. 
The first term in this equation is derived from Hill (1960) 
and the second from an analogy of Nubar's to an electromagnet. 
The work equation is expressed in the following manner: - 
(Heat Input to Segment) + (Decrease in chemical energy of 
system) 
(H + C)dt 
= Heat Output of Muscles + Increase in K. E. of system + 
work done by system. 
lI 
In the case of the human forearm rotating about a fixed 
elbow joint A as shown in Fig. 37: - 
The kinetic energy of the segment = 2IA62 or the change 
in K. E. in time dt = IA 66 dt. 
Work done by the system in time dt = Mgp L6 cos 0 dt 
+ PL 0 cos 0 dt 
Substituting and dividing by dt 
H+C= 2(mF -nä1)+LA cos ©(Mgo + P) + IA oo -ý Fh© 
1 
----- (1 
The equilibrium equation for moments about A is: - 
Fh - Mg rL cos 0- PL cos 0- IA0 =0 ---- (14 
It follows that H+C=L (mF - nh 6 cos 0) +; Fh 0 
= m1F1 + m2F2 + m3F3 + (nIh1 + n2h2 - n3h3) 
+ (Flhl + F2h2 + F3h3)6 ------ (15) 
Nubar states that it is hoped that the measurement of the 
metabolic rate (H + C) is not beyond present experimental skill, 
and suggests that work is being done which might lead to this 
possibility. 
If only one muscle, designated 1 is active over a given 
range of activity, 
H+C= m1F1 + n1h1 6+ F1h16 
From determination of H and C at two different values of 0 
the coefficients rq and n1could be found. This procedure 
"3 
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might possibly then be repeated successively for situations, 
'' 
where only muscles 2 and 3 are active and the remaining 
coefficients m2n2 m3n3 could be obtained. Then in a general 
situation where all muscles might be active the forces in them 
might be obtained from the statics equation c. 4) and by minimising 
the total energy input to thesystem, i. e. 
IF 
(H + C) _F (H + C) = ýý-. - (H+C)=0----(16) 
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This procedure would have the additional stipulation that 
Fl F2 and F3 were all non-negative. 
It will be seen that the proposed procedure is not yet possible 
since the metabolic input (H + C) cannot be determined and also 
since it presumes that it will be possible to obtain calibration 
conditions in which each muscle group in turn is acting alone 
attwo different velocities of stretch. 
!/ 3r 
EXPERIMENTAL WORK. 
Design of Equipment. 
a) Force Plate. 
In normal activity the major loads on the lower limb arise 
due to the forces exerted on the foot by the ground. It was 
necessary in this investigation to measure the six component 
quantities necessary to define the magnitude direction and position 
in space of the ground to foot force actions. The force 
plate of Cunningham and Brown (1952) comprised a top plate 
connected to its base by four tubular columns, with end flanges 
bolted to the plates, so that each column could transmit three 
component force and three component moment actions. Since 
the experiment was to measure 6 quantities only, the construction 
is seen to be statically indeterminate to the 18th degree. It 
was decided to investigate the possibility of designing a statically 
determinate force plate. It is essential that the deflection 
of the test surface be so small as to be unnoticed by the test subject. 
It was therefore decided to support and restrain the force 
plate by spring steel strips loaded in tension and to measure forces 
by electrical resistance strain gauges mounted on these members. 
The limits on the design were placed by: - 
1. Allowable stress in the steel strips. 
//6 
2. The necessity for sensititivy in force measurements requiring 
large strains in the strips. 
3. The desirability that the calibrations for each measured quantity 
be independent of the values of other load components. 
The dynamometer elements were pretensioned in the supporting 
frame and the measuring plate was attached to the centre of 
each element. Initially the strips were twisted as shown in 
Fig. 38 so that their effective bending stiffness in both transverse 
directions was low. This procedure was later discontinued 
since the greater length of strip necessary was allowing lower 
natural frequencies of vibration and the twist in the strip was 
causing local ftilure due to stress concentration. It was found 
that satisfactory calibrations could be obtained for five of the six 
channels when straight stricwere employed. An analysis 
of the strain gauge network is given in Appendix III. 
The force plate was restrained by six strip dynamometers arranged 
as shown in Fig. 39. If the forces measured by the six 
dynamometers are Pl - P6 as shown the general three dimensional 
force system acting on the plate is defined by: - 
PX = P2 + P3 
py= P4 + P5 + P6 
Pz Pl 
ßi7 
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MX = (P4 - P5)e 
M=Y (PZ - P3)a - P1b 
Mz = P6d - (P4 + P5)C. 
This force plate was calibrated and used for several tests 
but difficulty was experienced with the calibration of dynamometer. 
It appeared that the calibration varied with the position of 
application of the calibrating force which was eventually ascribed 
to the transverse load carrying capacity of the other dynamometers. 
...,, 
ý. '}_Y{' 
ýý",. 
In addition it was found necessary to align the dynamometers 
particularly carefully on assembly otherwise cross sensitivity;. 
between channelsbecame critical due to the varying relative 
magnitudes of the quantities of interest. The maximum vertical 
force component transmitted in walking may be 200 lb, the horizontal 
component in the walking direction 30 lb and the transverse 
component 12 lb. To measure the lateral force to an accuracy 
of 0.1 lb, regardless of the other force values impbes that 
the alignment of the dynamometers 4,5 and 6 must be within 
1/2,000 of the vertical, i e. 0.03 degrees or 0.001 in. allowable 
offset on the 2 in. half-length of the dynamometer. To maintain 
this accuracy a frame considerably more rigid than that of the 
original would have been required and it was decided instead to 
construct a force plate similar to that of Cunningham and Brown 
:ý. 
(1952) as shown in Fig. 40. 
The critical part of the design was that of the supporting 
columns. The columns of Cunningham and B rownb force plate 
were turned from solid bar and since the flanges are 2.5. In. diameter 
and 5 in. apart and the tubular stem was 5/8 inch bore and 1/32 
in. thick it is evident that the machining must have been 
both difficult and expensive. It was therefore decided to 
fabricate the columns for the Strathclyde force plate from drawn 
seamless tube to which the flanges were welded before final 
machining on a mandrel. This eliminated the major production 
difficulty of producing a uniform concentric bore 5.1/4 in. long. 
The arrangement of the strain gauges used to measure the applied 
load actions was not changed, but with the availability of silicon 
semi-conductor gauges it was found possible to transmit the 
signals directly from all channels to a multi-channel ultra violet 
light galvanometer recorder without the necessity for amplification. 
The circuits used are shown in Figs. 41 and 42. 
The structural analysis for various forms of loading on the 
force plate is given in Appendix IV. It is seen that although 
the ratios of the stiffnesses of the top and bottom plates to that 
of the columns are high, being 58 and 150 times respectively, 
yet bending actions due to vertical load on these plates are 
General View of Force Plate. 
Fig. 40. 
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wave period approximately 1.2 second i. e. a frequency of 0.6 , 
cycles per second. An analysis of the modes of vibration, natural - 
frequencies and damping coefficients for the force plate is 
given in Appendix V and this shows the lowest natural, frequency 
of the force plate to be 56 cycles/sec. 
This frequency occurs for the linear vibration of the top of 
the force plate in the lateral direction. 
b) Walkway. 
The force plate was installed above floor level and 
situated between sections of timber walkway. Each section 
was 6 ft long and 3 ft wide, and was secured to the adjacent 
sections. The top surface was covered with a black sheet 
rubber covering. Since the force plate was only 20 in. broad, 
two filler pieces in the form of separate stools, were arranged to 
make up the breadth to 3 ft. The general arrangment is shown 
in Fig. 44. 
c) Galvanometer Recorder 
A 25 channel galvanometer recorder model SE 2,100 produced 
by Messrs. S. E. Laboratories Ltd. , was used to record the 
force plate and EMG records. This recorder had an ultra 
violet light source and the records on 12 in wide paper could be 
inspected immediately after a test to check that a satisfactory record 
had been produced. The paper speed could be varied in 
126 
General View of Test Area. 
Fig. 44. 
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steps from 2 mm/sec to 2,000 mm/sec. A timing unit 
tied to mains frequency gave transverse lines across the record 
at intervals of 10,1,0.1 or 0.01 sec. The galvanometers 
used for the force plate records were type B. 100 having the following 
nominal characteristics: - 
Natural frequency 100 cycles/sec. 
Sensitivity 0.0025 mA/cm. 
Resistance 80 ohm. 
The bridge circuits of the force plate were arranged to provide 
the 250 ohm resistance across the galvanometer required to give 
electromagnetic damping of 0.65 times critical damping. This 
ensures a frequency response flat within + 3% up to 60 cycles/sec. 
The results of a Fourier series analysis of a force record are shown 
in Table 4 and it is apparent that the significant terms in the 
wave form lie within the capabilities of the galvanometers. The 
attenuation of harmonics up to 150 cycles/sec will not be more than 
50 % and the galvanometer records would therefore record any 
such terms clearly if they existed. 
d) Cameras. 
The records of the spatial configuration of the test subject's 
limb segments were taken by two P3illard Bohx H16 Reflex Cameras 
ýýýý 
FOUR1ER COEFFICIENT FOR CHANNEL N9 
TERM I 
W= 
2 
W 
3 
Mw 
4 
Mwz 
5 
N1wx 
6 
W 
1 15-98 -1-57 -2-03 0.79 2 7.41 -46.87 
-4.4 - 30-18 -29.45 -31.51 -4.03 0.27 
5 -0-18 0.79 2.94 -5-44 8.04 -20.19 
4 -2.05 -15.1 4 -9.21 3.0 -7.61 
5 -9-94 - 1.89 -2.85 -5.13 0.14 -3.77 
6 -7.44 - 3" 08 2.43 -2.76 0.51 - 3.99 
7 -8.01 0.52 -0.80 -3.51 -0.70 0.28 
8 -7-19 0.44 2.03 - 0.77 - 0.50 -2-41 
9 - 4.97 0.76 - 0.89 -2-10 - 0.84 - 0.18 
10 0" 1.60 0.70 - 0.56 0.25 - 1.64 
FOURIER ANALYSIS OF GALVANOMETER RECOQO 
OF GROLNO TO FOOT FORCE ACTION5. 
UNITS ; MILLIMETRES OF TRACE DEFLECTION. 
FUNDAMGJTAL FRGOUENCY FOR THIS SUBJECT 0'83 C/&EC- 
TABLE ¢ 
i, 
using 16 mm. film. The cameras were arranged as shown 
in Fig. 45 to allow the three co-ordinates of the centre of 
each reference level of the subject to be obtained . Since 
the displacement records of the two cameras were to be 
correlated it was desirable that the cameras record at the same 
time intervals. Since the displacement records were to be 
used to obtain accelerations it was desirable that they record 
at equal controlled time intervals. Two 1/75 horsepower 
synchronous electric motors running at 3,000 rev/min were 
used to drive the cameras through a worm reduction drive of ratio 
8: 1. Since one revolution of the external drive shaft of 
the cameras corresponded to the exposure of 8 frames of film, 
this arrangement gave a film speed of 50 frames per second 
for each camera. There was in this area no history of 
electric mains frequency variations of more than 0.2 cycles 
per second and the camera drive speed was therefore constant 
within 0.4%. There remained the possibility of intermittent 
action by the camera and drive assembly due to vibration of 
the elastic systems, pitch errors in the gears and obliquity 
of drive shaft. This was investigated by filming a crystal 
controlled timing unit giving its output on decatron display tubes 
having complete revolution times of 100,10,1,1/10 and 1/100, 
I 
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seconds respectively. When the film was developed and 
projected, the 1/10 second index was observed to progress 
uniformly and the 1/100 the second index was in a consistent 
position. It was therefore concluded that the camera timing 
devices were accurate to within the 0.4 % possible mains 
frequency variation. 
e) Phasing 
The two cameras and the galvanometer recorder comprised 
three channels of a data recording system whose speed was 
tied to the electric mains supply. Ideally the cameras should 
have been arranged to have their shutters opening simultaneously . 
The speed of variation of height, y, and lateral positions, z, 
of the pelvic markers was at most 0.5 in per frame, however, 
and it Inas attractive for mechanical simplicity to have the 
cameras independently driven. It was decided therefore to 
relate the systems in time by firing a flash bulb in the field of 
view of both cameras and arranging for the firing of the flash to 
operate an event marker in the galvanometer recorder. The 
operation of the cameras was such that the aperture was closed 
for 12 m. sec and open for 8 m. sec of every 20 m. sec cycle. 
It was not therefore possible to use an electronic flash gun 
since the flash time of these was shorter than 0.012 sec and 
4 r. 
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thus might not have been recorded by one or other camera. 
The galvanometer recorder carried an event marker triggered 
by the connection of the flash bulb circuit. The rise time for 
the flash bulb light intensity was stated by the makers to be of 
the order of 10 m. sec for half peak illumination but the firing 
was visible as a faint glow before full ignition occurred. 
If the flash becomes visible in camera Z just before 
the shutter closes and the shutter in the X camera closes 0.001 
sec. later, a trace of the flash will be seen on the Z camera 
film frame. This frame would then be related to the subsequent 
frame on the Z camera given a maximum error of approaching 
1 frame. 
Fortunately the z displacements viewed on the X camera 
are slow relative to the x displacements and this error would 
have a possible maximum value of 0.15 in for the pelvic marker 
of a typical subject. 
The flash bulb was arranged in parallel with the event 
marker of the galvanometer which is energised from the 26 V line of 
the recorder by push button. The times for the event marker 
to reach its maximum indication with the flash bulb in and 
out of circuit were about 1 and 4 m. sec. respectively . Assuming 
that 
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illumination of the flash bulb will not occur until after this 
delay and taking the time reference is occurring when the 
event marker reaches the extreme position the worst phasing 
error E is given by 
p 
Ep = flash delay -4m. sec + camera closed shutter time 
=10-4+12 
= 18 m. sec. 
The effect of this possible error is discussed later. 
The central area of the walkpath was illuminated by four 
studio lamps of fixed output and four Colourtrans lights 
of variable output arranged to give a uniform intensity of 
illumination of the front and the side of the test subject within 
a strideb length on each side of the force plate. A piece 
of 1 in. thick blockboard was painted with a matt finish black 
paint and lined off in 5 in. squares in white drawing ink for 
use as a reference grid from which to take measurements of space 
co-ordinates. The grid board was superimposed on the film 
of the subject's walk by a double exposure technique described 
later. 
Analysis of the film record was performed using a 'Specto' 
motion analysis projector having the facility of single frame 
advance by remote push button control. For the repetitive 
ýýýf 
routine calculations for each record a Ferranti Sirius digital 
computer was used. 
f) Electromyography. 
E. M. G. signals were taken from selected areas of the 
hip and log of the test subject using surface electrodes in the 
form of nickel silver discs, 1/2 in. diameter soldered to the 
connecting cables. The test subject wore a leather harness 
carrying a junction box and a multicore screened cable led 
from this box via an overhead swinging boom to the E. M. G. 
set. The bulk of the E. M. G. records reported in this thesis 
were obtained using a standard "Stanley Cox" two channel 
recording electromyograph. The a mplified signals from the 
subject were visible on two C. R. O. screens, one with a 
variable time baseand one without time base. The signals 
on the latter was recorded by a 'Cossar' oscilloscope camera. 
This formed a fourth channel of data to be phased with the cameras 
and galvanometer recorder. There was no convenient 
method available for injecting a timing mark into the E. M. G. 
record, since the apparatus was on loan and it was not wished 
to modify it. Eventually after trying indicators within the 
camera and step signals applied to the amplifier input, the 
output from the amplifiers, which was available through a 
/JU 
standard socket was taken to two additional galvanometers 
mounted in the recorder. If the galvanometers were directly 
connected, the amplifiers were overloaded and no signal 
was obtained. External power amplification was attempted 
but spurious signal uptake developed. Eventually the 
output was taken to two 100 cycle/sec galvanometers through 
an adjustable high resistance. 
a signal on the galvanometers. 
It was found possible to obtain 
Due to their low natural 
frequency the galvanometer records were not reliable indications 
of the multiple burst of activity from the electrodes, but their 
shape corresponded generally to the form of the 'true' signal 
recorded by the oscilloscope camera and this allowed the 
E. M. G. records to be 'phased' in time with the other signals. 
Subsequently a six channel amplifier set was obtained whose 
output could be fed directly to high frequency galvanometers and 
this shortened the experimental test time considerably. 
The E. M. G. leads were carried from a harness carried by 
the subject through a flexible cable suspended from an overhead beam 
which can be seen in Fig. 44. The beam swung freely 
to follow the movement of the subject. 
Test Performed. 
Tests were performed on three female and nine male subjects 
ß. i6 
wearing normal footwear. Each female subject performed 
tests using low and high-heeled shoes. Each subject 
walked at a gait selected by themselves after being requested 
to walk at normal speed. The results of a total of 18 tests 
walks were fully analysed and are presented here. In every 
case the analysis is performed for the left leg of the subject. 
The ranges and averages of physical measurements of the 
subjects and parameters of their walks are shown in Table S. 
Experimental Procedure. 
a) General Preliminaries 
The walkway was set up with the force plate in position 
and energised at least 1 hour before test to allow warming 
up. The cameras were clamped to fixed tables, and loaded. 
Kodachrome IIA film was used to get a contrast between the flesh 
colour of the subjects and the superimposed white grid line markings. 
The choice of film involved a compromise between "speed" 
of the films, the grain size, and the intensity of illumination. The 
limiting factor in the lighting was the accompanying heating. 
The subject was in the field of 8 light sources developing some 
8 KW and spread to cover an area 6 ft long by 4 ft high. The 
exposure meter used indicated an illumination of approximately 
260 foot candles. At the speed of exposure of 50 frame/sec 
-_ý M, 
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which involved a shutter opening of 8 m. sec an aperture 
of f 1.8 or f-2 was necessary. Comfort of the test subjects 
required that no additional lighting be used and the cameras 
could not be 'opened up' any further. The grain size 
in the film under these conditions transpired to be just tolerable 
for the measurements required. 
The distances of the cameras from the centre of the force 
plate were measured. The operation of the cameras, force plate 
and galvanometers and the flash equipment was checked. 
b) Subjects, 
The test subject wore no lower leg covering in addition 
to his normal shoes. The male subjects wore 'jock'straps' 
and the female subjects wore 'modesty briefs'. Loose 
clothing and watches were removed from the trunk and arms. 
Generally the male subjects wore no upper covering .A 
sweater was found most convenient for the females. The 
subjects were weighed and their shoe weight noted. 
Markers were now placed on the subject'to indicate the 
positions of the pelvis and the leg joints. An area of the skin 
approximately one inch square centred on the requtied regions 
was blackened with a spirit solvent ink applied through a felt 
A P9 
tip - the product with the trade name "Magic Marker' was 
usually employed. Initially black 'Sellotape' had been 
used but trouble was experienced in the film analysis with 
reflections from the cjossy surface. At the centre of the 
blackened area a self adhesive circular white paper 'spot' 
1/4 inch diameter was stuck. This comprised the target 
from which measurements were taken. 
Markers for the pelvis were placed on B, the left, and 
D, the right, anterior superior iliac spines, as shown in 
Fig. 46. The marker on the left spine was viewed 
from the side as well as the front and guide arrows were stuck 
on to define the position of this marker more clearly. The 
third reference point on the pelvis, C, was defined by a balsa 
wood 'tail' stuck centrally to the sacral region of the back using 
a commercial rubber based adhesive. The position of the 
centre of the femoral head was established by inspection and 
palpation and measurements were taken of its, position relative 
to the external markers. The distances between the external 
markers were also measured. In the middle of the stance 
and swing phases the marker on the left anterior superior spine 
was obscured by the left arm swinging past. To allow 
readings to be taken at this time an auxiliary marker was 
Positions of Markers on Test Subject. 
/4,0 
Fig. 46. 
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situated at approximately the same height as the anterior 
superior spine and about 1.5 times the wrist breadth behind it. 
This marker had a fleshy muscular region beneath it and its 
readings were only taken when the other was obscured. 
Markers for the knee (K) and ankle (A) were placed 
at the level of the joint surface in the lateral view and in 
the frontal view on the tibial shaft as close to the joint as 
would allow reliable readings. For the knee this was 
governed by the mobility of the patella and its ligament. For 
the ankle this was governed by the amount of dorsiflexion, which 
could allow the foot to obscure this marker. A marker, 
P, was also placed on the lateral surface of the shoe over 
the centre of the fifth metatarsal- phalangeal joint. 
c) Electroyolraphy. 
The areas of application of the electrodes were selected 
generally near the centre of the muscle of interest if this 
was accessible, otherwise where the muscle was accessible 
without overlying muscles. The muscles selected were rectus 
femoris, gluteus maximus, gluteus medius, biceps femoris, 
adductor magnus and ilio-psoas. Fo7 the last named the 
electrodes were placed near the upper lateral border of the femoral 
triangle, keeping clear of the line of sartorius. The areas 
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selected were successively shaved, rubbed lightly with abrasive 
paper and degreased by swabbing with ether. The electrodes 
were 1/2 in diameter nickel silver dished discs. These 
were filled with proprietary electrode jelly and fixed in position 
1.1/4 inches apart along the line of the muscle wherever possible. 
The electrodes were secured by surgical adhesive tape. 
Particular care was taken to avoid the possibility of excess 
electrode jelly forming a conducting bridge between the 
electrodes. 
After the electrodes were in position the leads were 
connected to the junction box on the patient's harness and the 
signals on the electromyograph were viewed as the patient 
performed prescribed movements of abduction, adduction, flexion 
and extension against resistance. For ilio-psoas the hip 
was flexed with the shank hanging relaxed from the knee. 
In this way the two joint muscles were retained in a relaxed 
condition. It was possible that part of the signal obtained 
thus was due to pectineus, but it certainly was not due to the 
two-joint muscles. If weak or intermittent signals were 
obtained or if non typical shapes appeared on the screen the 
electrodes and jelly were removed, the skin again swabbed with 
ether and the electrodes were re-applied. In some subjects, 
/yý.. ý 
Particularly the females and the plumper males it was found 
difficult to obtain large signals from the cjuteal muscles, 
presumably due to the extent of the subcutaneous fat. 
The subjects were next asked to walk to ensure that no 
intermittent faults developed on movement and the gain of the 
amplifiers was adjusted to give a maximum signal of amplitude 
between 1 and 2 cm. With the generally low level of 
activity in walking, the E. M. G. signals were small and noise 
was frequently a problem. This was much improved if the 
subject was earthed through an electrode mounted near the ankle 
and attached to the common earth of the instruments through 
the screen of the cable used. It was necessary to lay out the 
various instruments, and the cables for them and the lighting in 
such a way as to minimise interaction. 
The actions of the six muscle groups selected were investigated 
in pairs since a two channel E. M. G. was initially available . 
The same procedures were adopted at each change of electrode. 
d) Test walks. 
The walking tests to assess the E. M. G. connections were 
used to establish the natural walking pace and stride length of 
the test subject and a starting line was placed on the walkway 
to guide the subject so that the required foot landed clearly 
on the force plate. The subject took some further practice 
walks to check that he was neither breaking stride or 
stretching out to land on the force plate. When this was achieved 
a recorded run was taken. As the subject started to walk 
the cameras and the galvanometer recorder were switched 
on by the operator. The subject and the E. M. G. were watched 
for abnormalities in gait and signals and when the subject 
had passed the force plate the flash bulb/event marker control 
was operated. If all traces were present in reasonable shape 
on the recording paper the subject was prepared for the following 
test. 
Meanwhile the camera lens covers were fitted and the 
film was wound backwards to its starting position. The 
grid boards were placed on their reference lines, the lighting 
adjusted and the film was re-exposed on the grid boards for each 
camera in turn. 
The second exposure was per formed with the film moving 
forwards so that it might be registered in the same position in 
the camera on each occasion. Certain reference marks were in 
the field of view of the camera during both exposures and no 
relative 
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movement of these was observed which exceeded the chosen 
sensitivity of measurement of 0.05 in. Generally each 
subject made three or four test walks and it was found possible 
to test two subjects in an extended afternoon session. 
After the session a check calibration was performed on the 
force plate. 
e) Anthropometric Measurements. 
The height of the subjects was measured, and the subject 
was placed supine on a table which was fitted with pads of 
variable height at the head, neck, shoulder and hip. These 
pads were set in positions to reproduce the subjecth 
configuration in normal standing. The left leg was placed 
so that the centre of the knee was in the cranio-caudal plane through 
the left femoral head. Taking an origin at the left 
anterior superior iliac spine, measurements were then made of the 
three dimensional co-ordinates of the following positions; - 
Right anterior superior iliac spine, 
Adductor Origin, Lnferior Ischial Brim: 
Pubic Tubercle, Greater Trochanter, 
Patella Centre, Knee Centre, Adductor Tubercle, 
Posterior superior iliac spine, Sacral Tip. 
These quantities were used in the assessment of the position 
1416 
and direction of the lines of action of muscle forces. 
f) Analysis of test records. 
The film records were projected on to a screen which was 
positioned so that in the area in which measurements were being 
taken the 5 in. grid squares appeared as 5 cm. squares and 
measurements of the co-ordinates of the required points were 
made by an operator using a rule graduated in millimetres. 
All measurements were taken relative to the enclosing grid 
square and were read to the nearest 1/2 mm. corresponding 
to 0.05 in at full size. By this means errors due to film 
distortion and geometrical irregularly in the lenses of the cameras 
and projectors were confined to the amount occurring in a5 in 
square. The field of view of the Z cameras was approximately 
140 in broad along the X -axis at the range at which thr camera 
was set. This range was limited to about 130 in by the 
space available in the test area. 
The readings were called out to a second operator who wrote 
them in a prepared table , graphed them and also adjusted 
the focus of the projector as necessary. The times at which 
heel strike and toe off occurred, and the flash bulb fired were 
also recorded. Generally the x, y, co-ordinates measured 
from the Z-camera record were analysed first and the Z -camera 
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record was then projected. From the time of occurrence 
of the time marker flash the projector from counter was set 
to correspond to the numbers recorded for the Z-camera record. 
The required co-ordinates were then measured frame by frame 
and entered in the general table. Where the points 
appeared irregularly in the graphs, the relevant region of the 
film was re-measured. The most frequently occurring errors 
were x+5.0 and x±1.0 where x was the correct reading. These 
were generally noted by the recorder as called out, but since 
communication was verbal other slips occurred. 
In the records taken initially it was usual to analyse the 
record over the period including the swing phase before heel 
strike on the force plate together with the stance phase on the 
force plate. Due to difficulties in deciding on the occurrence 
of heel-strike and toe off from the film record alone this 
procedure was altered. A complete cycle was analysed from 
the time at which the left ankle swung past the stationary 
right ankle prior to the stance phase on the force plate until the 
next occurrence of this apposition of the ankles (A. A. ). 
This allowed accurate timing of the cycle and made the measured 
region approximately symmetrical about the axis of the camera. 
For each pair of frames from the two cameras the following 
/48 
15 quantities were recorded: - 
Frame number, x, y and z for left anterior superior iliac 
spine (B), knee (K ), and ankle (A), x and y for the tail marker 
(C) and the foot (P), Y for the right anterior superior iliac spine 
(D). These quantities were punched on to computer tape, 
followed for each frame by a recognition character 999,888 
or 777, indicating respectively end of normal data set, end 
of last data set, and end of data set at heel strike. 
The heel strike character was used so that the force plate 
record would only be read when it had non-zero values, i. e. 
in the stance phase. The galvo-recorder record was measured 
at time intervals corresponding to the film frame using a millimetre 
rule and measuring to the nearest 0.2 mm from each base line. 
Typical maximum signals recorded were 60 - 70 mm. 
Since the digital computer available for the calculations, 
a Ferranti Sirius, had only a 4,000 word store it was not 
possible to perform all the calculations required with one 
programme. . The calculations were arranged therefore to obtain 
first from the experimental quantities, the resultant force and 
moment at the hip/trunk section and the relative angular positions 
of the limb segments. The output tape from the computer 
giving these quantities was subsequently used as a data input 
/4'9 
for the next programme which calculated muscle and joint 
forces 
. 
The measurement of the film and force plate records for one 
test on one subject occupied two operators for approximately 
9 hours. The tape preparation and checking took 5 hours 
more. The computer normally took 160 secs per frame of record 
and these generally were 60 - 70 frames in length. Unfortunately 
the computer was approaching the end of its working life - it 
is not now operational - and interruptions and malfunctioning 
frequently trebled the nominal operation time. 
Fromthe printed output of the computer, graphs were drawn 
of the required quantities. 
A larger more sophisticated computer als now available 
and this has graph output facilities. The programmes are 
presently being re-written in Algol language for this computer. 
/6ý0 
THEORETICAL ANALYSIS. 
The principal aim of this investigation is the use of 
equilibrium equations for one leg to determine the force transmitted 
at the hip joint of a walking subject from readings of displacement 
of body markers and ground/foot force actions. 
The steps in the analysis can be summarised as follows: - 
1. Elimination of parallax errors in camera observations 
2. Determination of unknown position co-ordinates. 
3. Determination of gravity and inertial force actions on body 
segments and the corresponding force and moments about the 
reference axes through the hip joint. 
4. Calculation of ground/foot force actions and the corresponding 
force and moment actions at the hip joint. 
5. Summing for the resultant leg/trunk force actions. 
6. Determination of lines of action of muscle groups. 
7. Selection of relevant muscle groups for the transmission of force 
action present and calculations of muscle forces. 
8. Calculation of joint forces. 
Procedures 1-5 were programmed in Sirius Autocode for the 
first programme and 6-8 for a subsequent programme. Had a 
larger computer been available all calculations would have been 
performed in one programme. 
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1. Measurements and parallax errors. 
Co-ordinates of all joints are measured relative to a set 
of orthogonal axes x, y, z, with origin at the centre of the 
force plate as shown in Fig. 47. Grid boards are set up along 
these axes as shown in Fig. 44 and hence a point P(x, y, z) has 
apparent co-ordinates xI , y', zI when measured from the projected 
film. From the geometry of Figure 48, it can be seen that: - 
y= y' - (y' - h)z, -Rz (17) 
x= x' - x' z/Rz (18) 
Z= z'+z'x/Rx (19) 
From (18) and (19) 
x= x'(1 - z'/Rz) / (1 + x'z'/RXR2) (20) 
Z= z'(1 + x'/Rx) / (1 + x'z'/RxRz) (21) 
In one case the y co-ordinate is measured from the record 
of the X-camera and the corresponding equation is: - 
y= y' + (y' - h) x/Rx (22) 
These ccrr ection equations can obviously be applied only 
where all three co-ordinates could be measured. 
At the knee and the ankle, different markers are viewed in the 
X andZ cameras, and errors exist since the point required, namely 
the centre of the joint is offset from both markers. For Parallax 
corr ection the side marker is taken to be at the z-position 
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indicated by the front marker and vice-versa. Since the 
dimensions of the knee are small by comparison with the offsets 
x and z this is a second order error. Rotation of the leg 
about its long axis introduces a further error. No convenient 
means of measuring this rotation was found. The radius 
of the markers from the centre of the knee is about 2 in. and 
the University of California (1947) studies showed that the average 
range of rotation for 11 subjects was 15.160. The order 
of error involved is therefore possibly 0.26 in. 
For the foot marker the Z position is taken to be the same as 
that for the ankle. This again involves a second order effect 
in the parallax correction but also neglects'the effect of gravity 
and inertial force actions corresponding to rotation, and inversion 
or eversion at the ankle. Due to the. small mass of the 
foot and the small amount of these movements in walking this is 
a reasonable approximation. 
2. Unknown Co-ordinates. 
If the pelvis is considered as a rigid body, six quantities are 
required to define its position in space. Since point B in Fig. 49 
is visible in both cameras its three co-ordinates can be measured 
and corrected for parallax error immediately. Point C is visible 
in the Z camera only and Its apparent co-ordinates xc, yýc 
a, 
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are measured. Length b between B and C is measured at 
test and hence zc is obtained as follows: - 
(x - Xb)2 + (Yc - Yb)2 + (zc - Zb)2 = b2 ----- (23) 
Substituting (17) and (18) in (23) gives 
o(1-RZcxb]2+[Y'c -(y'c-h)zo/Rz-yb]z+Zc-zb]2 =b2 
zL 
whi ch can be re-arranged to 
zc2Cx'r/Rz)2 + (Y'c - h)2 /RzZ + 
1+ (2zc, /Rz)Ex'c(xB - x'c) + 
(Y'c - h) (Yg - Yd - zBR]+ (x'C-xb)2 + We - Yb)2 + zb - b2 =0 
----- (24) 
This is a quadratic in zc which must have two real roots one 
greater and one less than zb. The algebraically smaller root 
it taken since only on large rotation about the y axis will 
zc exceed zb. In a typical case where a=9.11 in. b= 13.36 
and c= 13.16 the pelvic rotation would require to be 22 degrees 
to cause this condition. University of California (1947) 
studies show an average for this rotation of about ±4 degrees. 
Using this value of zc, xc and yc are obtained using (17) and (18). 
Marker D is visible continuously in camera X only and its 
apparent y and z positions can be measured. In fact only 
one of these is required and to reduce the number of readings taken 
only y'c is measured. The co-ordinates of D are then 
calculated as follows using the lengths a andc in Fig. 49 which are 
In 
measured on the occasion of the test: - 
(xd - xb) 2+ (Yd - Yb)Z + (zd - zb)z = az ----- (25) 
(xd - xc)2 + (yd - yc)z + (zd - zc)z = CZ ----- (26) 
Substituting (22) into (25) and (26) 
(xd-xb)2+(Y'd+(Y'd-h)xd/Rx-yb)2+(zd-zb)2=a'(27) 
(xd- x )Z+(Y'd+(Y'd-h)xd/Rx-yc)z+(zd- zc)2=ct(28) 
Subtracting and re-arranging gives 
Axd + BZ d=C 
where A =2 
EXC 
- xb + (Ye - Yb) (Y"d - h)/Rx] 
B=2 (ze - gb) (29) 
C= a2 - CZ + zcz - Zb2 + Yc2 - Yb2 + xcZ -xb2- 2Y'd(YC-Yb 
Eliminating xd between (25) and (29) gives: - 
E zd2 +F zd +G=0 
where E_ (B/A)t 
El + (y'd - h)Z/Rx+ 1 
F= -2 (C/A - xb) B/A - 2(B/ARx)(Y'd - h)tY'd- Yb + (30) 
C (y'd-h)/ARx1 - 2zb 
G=(C/A-xb)2+ [yd_yb+y1d_hc/x2 +z. 2-ai 
(30) is a quadratic equation giving two values of Zd one to the 
right of line BC and one to the left. Obviously the algebraically 
smaller solution is relevant 
Successive substitutions in (29) and (22) give the values of 
xdandyd. 
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At test, the position of the head of femur H is measured 
relative to the B marker and the relative positions of the B, C 
and D markers are measured in the normal standing position. 
The position of the head of femur relative to B, C, D is then 
defined by 
TM2= ez=(xoB-xoH)Z+ (oyB-oyH)z+(ozB-ozH)Z (31) 
CHZ= f2 (oxc - OXH)2 + 
(oyc - 
oyH)2 
+ (ozC - ozH)2 
(32) 
5HZ = gt = (oxd - oxH)Z + 
(oyd - oyH) 
Z+ (ozd - uzH)Z 
(33) 
These values of e2, fz and c? determined initially are used to 
calculate the co-ordinates of H for each instant in time 
defined by one frame of cine film using equations (31), (32) 
and (33) without the 0 subscript on the co-ordinates. To solve 
for xH, yH, zH, (31) - (32) gives: - 
2xH(xc ; xb) + 2yH(yc-yb) + 2Z. H(zC-zb) =H (34) 
where H=ez-fz+xc2-xbI+yc2-yb2+zc2-zb2 
(32-33) gives: - 2xH(xc - xd) + 2yH(yc - yd) + 2zH(zc-zd) =I 
where i= f2 -e+ xa' xct + ydz - yet + zdz - zee (35) 
(33-31) gives :- 2ZH(2zd-zb) + 2YH (yd-yb) + 2zH(zd-zb) =K 
where K=g2-cZ+xb2-xd+yb? -yd2+7b2-Zd2 (36) 
Eliminating xd between (34) and (35) gives: - 
zH = LYH +M (3 7) 
/rd' 
where L= 
(Yc Yd) (xc - xb) - (Yc-Yb)(xc-xd) 
(ze - Zb)(XG - xd) - (ze-zd)(xG-xb) 
M= H(x c 
--xd) - j(xG - xb) 
(37) 
2 [(zG - zb) (xe - xd) - (zC - zd) (xe-xda 
Eliminating zH between (35) and (36) gives: - 
xH =N yH +P 
where N= 
(Yd - Yb)(zc - zd) - (YC - Yd)(Zd - zb) 
(xc - xd)(zd - zb) - (xd - xb)(zc - zd) (38) 
P= J(zd - Zb) - K(zc - Zd) 
2Cxe - xd)(zd - zb) - (xd - xb)(zc - Zd'.! 
(37) and (38) are substituted in (31) to give: - 
ydz +R Yd +S=0 
where Q=1+ Lz + Ni 
(39) 
R= -2N (xb - P) - 2yb - 2L(zb - M) 
S= (xb - P)2 + yb2 + (Zb - M)2 -CZ 
(39) is a quadratic in yd the algebraically smaller root of which 
corresponds to the true position of H. 
xHand zH are then obtained by substitution in (37) and (38). 
The co-ordinates of the centres of all the major joints in 
the left leg are now known and the co-ordinates of the centres of 
gravity of the limb segments are now calculated using Fischer's 
coefficients. For example for the thigh centre of gravity, T. 
XT xK - C2T (XH - XK 
X69 
yr = yK - CZT(yH-yK) 
(4 0) 
zT = zK - CZT (zH - zK) 
where C2T is the appropriate Radier coefficient for the C. G. 
position of the thigh. 
3. Gravity and Inertia Force Actions. 
The weights of the limb segments were calculated from the 
subjects' body weight, W, using Fischers coefficients. For 
example for the thigh: - 
WT ! c1Tw 
The weight of the shoe was added to the weight of the 
foot and it was assumed that the C. G. position of the assembly 
was not significantly distant from that of the foot alone. 
The accelerations of the limb segments were determined 
from their position in successive frames of the film. This 
procedure is known to be subject to large errors unless great 
care is taken. Felkel (1951) indicated that best results for 
acceleration determination could be obtained by graphical 
smoothing of the displacement data followed by numerical 
differentiation of the successive displacements using the expression 
At 
+ h/2 
(Xt+h xt)/h. The curve of velocities 
obtained was integrated graphically at intervals to check 
for correspondence with the displacements. The same 
160 
procedure was then applied to determine accelerations from 
the velocity curve. The procedure was reported to be time 
consuming and dependent on the skill of the operator. 
It was decided for this investigation to use a numerical 
smoothing and double differentiation procedure described by 
Lanczos (1957). To obtain the linear acceleration 
component in the x-direction when the displacement is xo, 
nine points x_4, x_3, x_2 , x_1, X0 It xl, x2, x3 x4, all 
separated by equal time intervals h are used. A quadratic 
curve y= Axz + Bx +C is fitted to the five points x_4, x_3, 
X- 2, x-1, x0, using'least squares'. 
The velocity at position 
x_2 is taken to be the slope of the quadratic at this point. 
The relevant expression ist- 
x-2 = (-2x-4 - x-3 + x-1 + 2x0) /10h 
(42) 
Similarly x-1 = (-2x-3 -x-2 + x0 + 2x1)/10h 
The velocities at the five successive points x-2, x-1, 
xo, x1, x2 are similarly treated to obtain the acceleration at 
the centre point. 
xý = (-2x_2 - x-1 + xl + 2x 2) 
/10h 
or ; Co = (4x-4 + 4x_3 + x_2 - 4x_1 - 10x0 - 4x1 
+ x2 + 4x3 + 4x4) /100h2 
(43) 
The factors governing this choice were: - 
/b/ 
1. The desirability of a procedure amenable to operation 
by digft6l computer. 
2. The knowledge that Bresler and Frankel (1950) had reported 
that the effect of gravity and inertial forces on the moments 
transmitted from leg to trunk was relatively small during the 
stance phase of movement. 
Using displacement data from a test subject, accelerations 
were determined by four methods: - Lancwos' nine point 
method, a seven point method due also to Ianczos, double 
differentiation directly from a quadratic fitted to five adjacent 
points by 'least squares' and from t hree adjacent points 
assuming uniform acceleration. The results are shown 
in Fig. 50 and Fig. 51. 
It appears that local peaks of acceleration are being 
lost by the 7 and 9 point formulae, but much obviously 
irrelevant noise is being rejected also. 
The x, y and z components of the accelerations of the 
centres of gravity of the limb segments were determined using 
(43). 
The projected inclinations of the limb segments relative 
to the vertical as viewed by the cameras are calculated for 
each frame. For the thigh for example: - 
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The angular accelerations © ©zT are obtained by the use 
of (43). 
The linear acceleration and gravity forces for the thigh are 
I FTx = WC1T xT/g 
IFTy = WCIT (1 + y'T/g) - (45) 
I FTz = WC1T zT/g 
For the angular inertia force action the following approximate 
procedure is adopted. A more detailed analysis is outlined 
in Appendix VI. 
Since the limb segments are inclined in space to the reference 
axes by angles 0x and 0z their effective radii of gyration x, kz 
about these ones are reduced. 
The reduced radii of gyration k' are taken to be 
k' =k cos 0 k' =k cos 0 
xxzzzx 
The Inertia moments for the thigh become therefore: - 
. 
Mx = WC1T (C3T L cos Oz)' ÖX g (46) 
Mz = WC1T (C3T LT cos 0x)2 0z/g 
Due to the force actions on the thigh the resultant moments 
about reference axes X, Y and Z through the centre of the femoral 
/6 ý.. . 
P 
4ý 
. fi 
. 
16.3, 
head as shown in rig. 52. are: - 
M= (WC z /9)(Y -y)- WC (1 +Y /9 )(z -z) 
Fix 1T THT IT THT 
- WC1T (C 
3T 
L cos 0z )2 6XT/9. 
HZ = WC1T (1 + YT/9) (x - xT) - (WC1T'/A) (YH - YT) 
- WC1T (C3TL T 
cos 0x )2 07. T/g. 
4, Ground toFoot Force Actions. 
(47) 
The behaviour of the force plate is described principally by 
six calibration constant K1 - K6 which when multiplied by the 
galvanometer readings Gl - G6 gave the force actions acting by 
the ground on the foot shown in Fig. 43 as follows: - 
WZ= K1G1: Wx=KZG2 
(48) 
Mwy = K3 G3 : Mwz 4G4 Mwx = K5 G5 Wy = K6 G6 
In fact interaction between channels 1 and 4 and 2 and 5 was 
found on calibration. This effect is reported for a force plate 
of this type by Harper Warlow and Clarke (1961). It was found 
that this could be fully described as follows: - 
Mwz = K4 (G4 - K14G1) 
(49) 
Mwx =5 (G5 - K2SG2) 
A small difference in the calibration of channel 4 was found to 
depend on the direction of the applied moment. If the reading 
G4 was negative an alternative factor K4' was used. 
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S. Summation of Force Actions at theHip Joint. The 
resultant leg to trunk force actions transmitted across a section 
at the hip are defined by force components H 
L, 
Hy, HZ and 
moment components MHx, MHy, MHZ acting on the leg in 
the directions shown in Fig. 52 where: - 
Hx = -W S-ý.. 
WC1 x /9. 
Hy = -Wy - ýWC1 (1 + Y19) 
Hz = -WZ - ýLWC1 z%g. 
M= WzyH -WyZ H- 
Mwx +I (WC1i/g)(YH - y) 
-. WC1 (1 + Y/9) (zH - z) 
2WC1(C3L cos ©z)2 Ö x, 
/g 
MHY = WX 2; H - 
WZxH - MWy + 2(WC1 ßx/9) (zH - z) 
(WC1 z/9. ) (xH- x). 
M= 
Hz 
WyxH-WxyH-M 
wz 
+2WC 
1 
(1 + y%g)(x 
H- 
x) 
-2(WC1 9)(yH -y) -2 WC1(C3 L cosOx)Z 
Öz/9 
6. Determination of Lines of Action of Muscle Groups. 
The force actions transmitted between leg and trunk can be 
described in terms of the three components JX, Jy, Jz of the 
resultant hip joint force and three tensions in connective tissue 
traversing the leg/trunk section. 
muscles traversing this section. 
(50), 
4 'a' 
ý. 
*r 
y, 
ýý= 
tý %ý.: 4 
.. ýý 
There are however twenty two 
The experimental relationships 
between E. M. G. and muscle tension (Inman (1947) Inman et al (1951) 
/6Y 
Lippold (1952), Bigland and Lippold (1954) have generally 
been obtained in situations where not more than two muscles 
were available to resist externally imposed calibrating forces. 
This is not possible in the complex system at the hip. In 
this investigation an analysis is presented by considering the lines of 
action of the forces corresponding to the action of groups of 
muscles. The muscles were grouped on the basis of their 
major function, their anatomical position and the phasing of their 
electrical activity as reported by Marks and Hirschberg (1958) 
Close and Todd (1959), University of California (1953) and Joseph 
and Battye (1966). Because of their small volume, the following 
muscles are excluded from the analysis: - Obturator Internus 
and Externus, Gemellus Inferior and Superior, Piriformis and 
Quadratis Femoris. 4e 
The major function and the periods of activity reported from 
E. M. G. investigations are shown in Fig. 53. The general 
conclusion drawn from this diagram is that of Marks and 
Hirschberg that muscles in the same group act synchronously. 
The results of the investigations differ in detail since Joseph 
and Battye using surface electrodes received signals from a greater 
area of muscle, and possibly "cross-talk" from other muscles: 
whereas the other investigations using needle electrodes may not 
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have recorded activity from motor units distant from the needles. 
For analysis the muscles are arranged in the following 
groups: - 
1. The short Flexors - Psoas, Iliacus: 
2. The long Flexors - Rectus Femoris, Sartorlus 
3. The short Extensors -Gluteus Maximus. 
4. The long Extensors - Biceps Femoris (Long Head), Semimembranosus 
Semitendinosus. 
5. The abductors - Tensor Fascia Lata, Gluteus Medius Gluteus 
Minimus. 
6. The Adductors - Adductor Longus, Brevis and Magnus, 
Pectineus and Gracilis. 
The areas of origin and insertion of these muscles are 
marked on a skeleton and the lines of action of the resultant 
forces developed by the muscle groups are taken to lie along 
the line joining the centres of the corresponding areas of origin 
and Insertion as shown in Fig. 16. Since relative 
mövement occurs between femur and pelvis the inclinations 
of these lines of force are calculated for each frame of film record. 
The co-ordinates of points on the line of action of the 
muscle groups near the origin and insertion were measured relative 
to axes X, Y, Z centred on the femoral head with the skeleton`.. '. -. 
14 
/z/ 
in a reference position. Three typical measurements of 
the skeleton pelvis and two of the femur are compared with 
the corresponding measurements of the test subject and the 
co-ordinates of the lines of action of the muscle groups are 
scaled accordingly. 
Consider a typical muscle group shown in Fig. 54 having 
on the skeleton co-ordinates of the origin XMs, YMs, Z Ms 
and insertion XI Y' Z Ns' scaling 
factors K, K, K 
Ns Ns , XP yP zP 
xzF and K for the X, Y and Z of the pelvis and XZ and Y of the 
YF 
femur, respectively. The corresponding co-ordinates for the 
test subject are: - 
for the origin Xý, ý = XK P 
XMs : YM =K YMs : ZM =K 
Zp 
ZMs 
(51) 
for the femur X=KX: Y=KY: Z=KZ N xzF Ns N yF NN zF Ns 
The pelvis is defined by B, C and D, and an origin of 
co-ordinates is taken at B. Axes X, Y an3 Z are taken through 
B parallel to x, y and z of the force plate when the subject is in, 
the normal standing position. D is taken to have xyz co-ordinates 
(0,0.. - a) and c (Xc Yc Zc). After a general rotation, let BX be 
defined by direction cosines t 11, t 12, t 13 relative to x, y and z, 
BY by t 
21, 
t22 , t23 and BZ by t 31, 
t 32, t 33 respectively. 
Then: - 
xD - xB t 11 
XD + t12YD + t13 ZD = t13(-a) 
7Z 
'Y 
p 
0xM&lim) 
H 
2EFE2ENCE 012ECTIONS FOIZ MUSCLE GCOUP. 
Fi 9.5' 4 
0 
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t a) yD yB 21 
XD +22 YD +23 ZD t 
23 
(-a) 
zD - zB 31 
XD 
32YD + 33ZD 33 (-a) 
xC - xB t 11 
XC +t 
12YC 
+t 13ZC 
=t tt yC yB 21XC 
+ 
22YC + 23ZC 
=ttt zC - zB 31XC + 32 
C+ 
33ZC O 
The remaining three equations necessary to solve for the 
nine unknown direction cosines are given by the orthogonality 
conditions: - 
ttXttX2 
11 22 33 32 3 
t21 
12 X 
t33 + t32 X 13 (53) 
t_tt_tt 
31 - 12 X 23 22 X 13 
Having solved these equations the displaced position 
of the origin of the typical muscle group is defined by 
co-ordinates Xn, Yn, Zm where for example: - 
Xm=tXm+t 12 Xm +t 13 
Zm (54) 
11 
The measurements of the positions of the femur do not 
suffice to describe its rotation about its long axis. Ryker (1952) 
shows that the average volume for this rotation obtained from 
seven subjects is 7 degrees measured from the stance position. 
The effect of this rotation is therefore neglected and it is 
assumed that the displaced position of the femur is obtained 
/74 
by rotation about its tm other principal axes as described 
by angular rotations 0x and OZ defined by equations (44). 
In the pictorial view in Figure 55 the axis KHY is shown 
displaced by 0X and 0 into position K'HY'. The appropriate 
direction cosines for HY' are therefore given by: - 
t21 = -KL/KK1=-JKtan0 / HKZ+KM? +KLZ 
z 
- tan 0z/ (1 + tanz 0Z + tan 2 0X) (53) 
t 22 =H 3c/KK1 = 
1/ (1 + to nz 0+ to nz 0) 
zx 
t 23 = *MK/KK1 = tan 0J 
(1 + tanz OZ + tanz 0 
X) 
also angles S and 0 in this view are given by: - 
tan 
£= 
tan 0 /tan oZ 
(56) 
tan Q! = KK'/HK (tanz 0+ tan2 0z) 
In the plan view of Fig. 54 the axis HY is displaced to HY' . 
If no rotation of the femur occurs about its long axis the 
rotations of HX and HZ must be about axis RR. From the 
geometry of this figure, it follows that point P(a, o, o) is 
displaced to P' (Xe , Y1, , Zi, ) where: - 
XP = al-cos290-cos 0)] 
YP = acos 
ö sin0 
(57) 
Zp =a cos sinc(1 - cos 0) 
The direction cosines of OTC' are therefore given by 
L 11 =1- cos2S(1 - cos 0) =1- tanz 0Z(1 -1 y/S (58) 
1rf 
y j, yýº ýý Wyk 
x 
ýý 
i 
W. 
p 
k' 
1kl 
VIEWS OF AXES OF FEMUei 
E_7_ 55 
/7' 
where S= tan' 0+ tanz0 and R= (1 + tant0 + tango ) 
xzx 
t= cod sin 0= tan 0 /R =-t 12 z 21 
t= cosS sin (1 - cos 0) (1 -1S) tanO tan 0 /R 13 zx 
similarly 
_ 
(58) 
t 31 = (1 -g) tan 0z tan 0X St 13 
t32 =-tan0 
x 
/S = -t23 
t 33 =1- tan20x 
(1 -R) /S 
The co-ordinates XN, Y, ZN for the displaced position 
of the insertion of the typical muscle group can now be 
obtained, for example: - 
xN =t 11 
xN +t 
12 
YN + t13 ZN' 
If this muscle group develops a tension p as shown in 
Fig. 55 the components of force and moment relative to the 
x, y, z axes through H can be obtained in terms of the 
direction cosines T of the line of action where: - 
TX = (XM - XN)/V and VJ XM-XN)Z + (YM- YN 
+ (ZM - ZN)2J 
Ty= (YM - YiV 
= (ZM - ZJVV. T2N 
Then the force and moment components of p relative to 
the reference axes are :- 
A 
I 
p=Tp: p= TppT 
xxyyzz 
Mx = pz Ym -p Zm =pr 
Y (60) 
MY px fm - pz X M. =pr y 
Mz= py Xm- px Ym =p rz 
7. Selection of Muscle Groups and Calculation of Forces .- 
The moments MHX , MHY, MHZ, defined in equations (ý) 
are transmitted by tension in appropriate muscle or ligament 
groups and the corresponding compressive force at the joint 
surface. Moments about the Y axis are transmitted by the 
rotators and by X and Z components of the forces in other muscles, 
but the lines of action of these are not greatly inclined to the 
Y axis. The equilibrium equation for moments about the 
Y axis is not used, therefore, and this leaves 5 equilibrium 
equations. The unknowns at the leg/trunk section comprise: - 
Components JX, Jy, JZ of the resultant joint force J: Tensions 
Pl - p6 in the six selected muscle groups. If no antagonistic 
action is present groupsl and 2 or groups3 and 4 will have zero force 
and group 5 or group 6 will have zero force. This reduces the 
number of unknown forces to six compared with 5 equilibrium 
equations. Solutions were therefore obtained assuming 
that, either group 1 or group 2 acted alone or that group 3 or group 
i 7F 
4 acted alone. If in fact load sharing occurred between 
synergistic groups it was taken that the value of the resultant 
joint force would lie between the two bounds defined in this 
way. 
For c xample, if, at an instant in time, MHX is positive and 
MHZ is negative, as occurs following heel strike, groups 3,4 
and 6 are taken to be inactive and the following equations obtained 
from (50) and (60) are solved: - 
either 
£MHX + p5 r5x + 
LMHZ +p5r 
5z+ 
+ ply r5X + 
or 
MHZ + p15 r5x + 
Then the resultant joint force cc 
p3 r3x 
p3 r3z 
p4 r4x 
p4 r4z 
mponents 
=0 
=0 
(61) 
=0 
=0 
are obtained as: - 
Jx = HX+p5 TX5 + p3 T3X etc. 
(62) 
and 7= J(7 Z+ J2+j 2) 
xyz 
or x= Hx + pis TXS + p4 T4x etc. 
If a negative P value is obtained for the force in a group, A, 
the solution is discarded and an alternative set of equations (61) is 
selected using groups antagonistic to group A. 
The simplified block diagrams for the two computer programmes 
developed by the author for these calculations are shown in Fig. 
., ý>, 9 
56 and 57. The programmes were written in Sirius Autocode 
in which the most complicated arithmetical step in any instruction 
Is vno =- vnl/vn2 where M1denotes the number in the store denoted 
by the number in store n. The programmes are consequently 
lengthy and not included here. 
The programmes were checked on completion by artificial 
sets of data corresponding to uniform linear and angular accelerations 
of the limb for which direct solutions could easily be obtai-ied 
READ QA51C OATH 
mid 
DELETE FIRST 
READ OATA %CT. oxr DATA SET: 
MOVE OTNE25 
ONE STEP DOWN. 
CODE No 
CI. AQACT 2 
R PQtNT EQQOR 
YE3 ''SOP STOP 
SELECT no. FOR 
B, V, A, P. L YES 
No NEC 
CORRECT CODE - 15 L& 
PERSPECTIVE IN 
rl0 d 
NO no, no* i PRINT Coos. 
YE5 
CALCULATE ZcSatýA PRINT RESULTS. 
9 5ET5 Q CALCULATE WIP 
NO ýN FBRCE & MOMENT 
COMPONENTS 
YES 
CLEAR STORES OF CALCULATE ONO 
ACCUMULATORS. FORCE ACTIONS. 
SET MODIFIER READ P'O CE OLATE 
nI Foe x, y oa z DATA. 
YES 
SET MOO IEa n2 N F OR TNIGN 5 F. CEAD Me 0T 
SET UO0I1: IEa 113 
Me DOUBLE DIC J PONT SEGMENT 
COEFFICIENT -C INCLINATIONS 
YES 
caLc. co-oaa n! "ni his ÖR SET ;hZ : STOB 
IF n3 * 5. YESý 
n2 " n2 +i 0 n2.3 
TO ACCUMULAT02 YE5 
L"SfJ3 i "'O n 3.9 cýLC. s MEWT e . 
sOE IF n3= S. 
TO ACCUTAU ATO 
BLOCK 0IA(GWAM FOR FIRST PROýRaMME 
TO CALCULATE WIP P02CE AND MOMENTS. 
- 
-56. 
START 
LEAD IN 8A51C 
DATA FOQ SUBJET 
5CALE" 
SET MUSCLE MOUP 
5ELEGT02 n4 
CALCULATE INITIAL 
LEPJGTW OF MUSCLE 
no. = b. 
No 
YES 
READ DATA SET 
1: 20M 1! =' PQOä2AM 
inosno+iI 
CODE 
YES 
CALG. O WS. NIP 
eºNO 0 CO TMIGN 
5ET no. FOQ 
MUSCLE G OUP. 
SET t1 i FO¢ 
X., Y 01 Z. 
I 5ET n2 Po2 
02161N / INSERTION 
CALC. MODIFIED 
CO- OCOINATE 
PONT EßRO 
STOP 
n2=2 NO ti n2; i 
YES 
n! =3 NO ni=ni+i 
YE5 
no= 6 NO no= no+i 
CALCULATE JOINT 
FORCES 
YES 
NO 2 SOLUTIONS Z 
TS. 
ý YES 
40 +VE 
N5WERS ? 
NISI 
SOLVE FOR 
MUSCLE FORCES. 
mom 
Roue G20UP 6 
YES 
MX>O 
YES 
flow Ö Y1o no±. 
CALC. 
. Cos; 1r ' AND MUSCLE LE 
SET tt0 F0ß 
MUSCLE GROUP. 
BLOCK DIAGRAM F012 SECOND P12OGQAMME 
TO CALCULATE HIP JOINT POCCE. 
ýi 51. 
% 
ANALYSIS AND DISCUSSION OF RESULTS. 
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Markers further down the leg, show cot-std'; rably greater velocity 
variations. When plotted in this way small errors In readings., 
were not obvious and a plot was made instead of the form 
shown in Fig. 59. In this the displacements of the markers are 
shown relative to a notional point moving at uniform velocity equal 
to the average speed of body movement. The C marker curve 
shows an undulation relative to the notional point of ± 0.6 in, 
Fischer (1895 etc) shows the corresponding curve for the centre of 
gravity for one subject as having amplitude of 0.43 in, but this 
is not, of course, directly comparable since the centre of gravity 
is not, stationary relative to the body structure. For C the 
velocity of translation can be expressed approximately as: - 
vX = 57.4 + 7.3 sin (11.2t - 3.6) (63) 
where t is the time in seconds after heel strike, i. e. the undulations 
in velocity of C are only 13% of the mean whereas the maximum 
velocity of the foot is over three times the mean speed. The 
points in Fig. 58 and 59 are as read from the film, without 
connection of the parallax errors. The maximum parallax errors 
occur at each end of the cycle and are of the order ± 1.1, 
± 0.2, ± 0.8, ±1.0, ±1.0 in for the C, B, knee, ankle and 
foot markers respectively. 
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The variation of marker height, y, and the corresponding parallel 
errors-are shown in Fig. 60. = The large error for marker D arises 
since this is viewed through the x-axis camera and there is .. ' 
therefore considerable displacement of the marker relative'to, the ," _"-. 
'.: ý 
measuring grid. The variation in height of the C marker, 
which represents most closely the movements of the centre line 
of the trunk is + 0.62 in. The ankle and foot markers show the '". ý,. ' 
lar Best undulation. The double undulation of the foot marker., 
is found most useful,, in identifying phases of walMnj in the absence 
of other information. For the lateral or z displacement curves 
of Fig. 61 the maximum parallax correction was 0.7 in. but this 
was an appreciable fraction of the actual value of themeasurement.,: 
In this cycle the subject is seen to be moving from left to right 
by about 1.3. in. compared with the 57 inches of forward movement. 
As shown in the theoretical analysis, the inclination 
of the limb segments relative to the reference axes is determined 
in the course of calculations and the variation with time of these 
angles is presented in Fig. 62. Features of interest here 
are the rapid angular acceleration ©z of the foot and shank 
at heel strike and toe off. The values obtained for these 
acclerations, using equation (43), are - 74 and +89 rad/see2 for 
the foot änd, +'59 and - 60 rad/sect for 
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the shank respectively. When account is taken of the 
mass properties of the segments the maximum inertia torques 
are 22.5 and 22.0 lb. in. for the foot and the shank respectively. 
The maximum recorded moments at the hip are however over 
°r 
300 lb. in. 
b) External Force Actions . 
The ground to foot force actions for this subject have already 
been shown in Fig. 43. The vertical component of force W y 
shows the characteristic double peaked curve with the peaks occurring ý ": ,` 
. Hsi 
" , 4ý, ' 
at the limits of the swing phase of the other, foot. At these po ints 
the body is in its lowest positions and the ground force is 
therefore increased by the downward Inertia force. The 
trough in the curve occurs'at mid-stance when the body is at Its 
highest position giving an upwards inertia force. This is 
counteracted to some extent by the centrifugal force of the swing iri "" ' "`+ , t V-1 a, 10 
the force leg and the arms. Immediately after heel , strike .; y , 
in the direction of movementW has a characteristic short period 
ih the'positive sense i. e. in the direction of movement. This 
feature corresponds to a partial kick on. the ground by the heel , , 
varies in magnitude,, from subject to subject and is -sometimes y', "t, r tl . f, 
'absent: ' Thereafter this force is negative until mid stance , , 
s: v rýr :f 
yvy 
ý 
skr,.,, r. 
1 ýt 
and positive until toe-off. The greatest negative value of X 
here is 26 lb. which applied to the whole body mass of 1271b. 
would cause a component acceleration of 79 in/sec2. Equation 
(63) on differentiation gives a maximum acceleration of 82 in/sect 
which is in surprisingly close correspondence considering 
that the movement of the marker does not necessarily correspond 
to that of the centre of gravity. 
To get a complete picture of the external forces acting on 
the body Fig. 63 has been prepared to show together the forces 
on the left foot and what may be presumed to be the corresponding 
forces on the right foot. The latter have been obtained by 
redrawing the curves for the left foot in the appropriate time 
relationship. It is apparent for this subject that the maximum 
vertical component of force occurs at the middle of the double 
support phase and that the maximum forward force is exerted 
then. For the second half of the stance phase the forward 
and backward forces on the two feet are in opposition. The 
lateral force is alternately to right and left during left foot and 
right foot support respectively. 
In the lower diagram of Fig. 43 the curves of moments of ground/ 
foot forces about the force plate reference axes are shown. The 
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/7.3 
M curve corresponds to the product of the vertical force 
vat 
component and the distance of Its line of action laterally from 
the x axis, At the first instant of maximum force the offset 
is 1, '72 lb. In. /107 lb = 1.61 In. compared with z ankle of 
1.1 in. It appears therefore that the subject Is at this time 
bearing more on the outside of the shoe. At the next force 
peak the calculated offset Is 1.58 in compared with 0.9 in from the 
film record. This Is surprising since It would be expected 
that the greater load beaiingwould occur on the ball of the foot 
and the great toe. The M curve corresponds to the product 
of the vertical force component and the distance of its line of 
action along the x axis. In this case the greater part of the curve 
is positive, indicating that soon after heel strike the line of 
the resultant lies forward of the force plate centre line. A 
curve of more familiar form from another test of the same subject 
is also shown. In it the MWz term changes sign at mid-stance 
indicating more central placing of the foot on the force plate. 
The form of the Mwy curve corresponds to two factors: - 
a) the moments about the centre of the force plate of the Wx 
and Wz forces. 
b) the moment transmitted at the force plate/ foot interface by 
mot' 
w. ,'- += . 
.K 
1"ý . 
/9 
rotation or a tendency to rotate about an axis parallel to the y axis. 
The magnitude of themeasured moment is so small as to 
make it unreasonable to allocate its nature between a and b. 
c) T. ecg/Trunk Force Actions. 
From the external and the body force actions the resultant 
force actions transmitted across theleg/trunk section are 
calculated and the curves for this test are shown in rig. 64. 
The curves for force components HX, Hy, and HZ correspond 
closely to the external force curves of Fig. 43, although the vertical 
component is reduced by the weight of the left leg and shoe. 
During the stance phase the MX curve is similar to that for 
the vertical component of ground to foot force, since the greater 
part of the final value is accounted for by the product of 
vertical ground force times lateral offset. Since it acts 
inward the lateral ground force in creases the value of this moment, 
i. e. in the rolling or "sailor's" gait greater MX values may 
be expected. 
Typically MZ has a negative value corresponding to the action 
of the hip extensors prior to heel strike as the forward swing 
of the leg is decelerated. As contact is made with the force 
plate, the line of action of the resultant ground force passes 
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9cß 
in front of the hip joint and extensor action is again required. 
Depending on the subjects walking habits, these two peaks of 
M may appear separately or merge as shown for this subject. 
z 
Generally thereafter MZ diminishes to zero at mid-stance' 
and has a maximum positive value in the region of toe-off. 
This is due to the ground reaction whose line of action then passes 
behind the hip joint and also to the inertia force action of the ý 
left leg as it is accelerated into the swing phase. The graph 
for this subject is non-typical in respect of the swing to positive 
M. immediately after the negative peak. It was noticed 
that this subject's foot had once slipped slightly on the force 
plate and this may be a nervous response to prevent its recurrence. 
At the instant of toe-off of the right foot, time 0.44 sec, '-'the, 
contrlbution3 of the various external and body forces to the 
resultant hip force actions are shown in table 6. At this phase 
of the cycle, acceleration forces are small but are still significant 
fractions of the external forces. For MZ the gravity and inertia 
actions are of the same order of magnitude as the net. ivlZ due 
to external force of; tions. It should be noticed also that the Y 
ý, y 
M. and MZ values involve subtraction of -numbers 
of: p, imilar orders., 
of magnitude, and that the accuracy of the results will be 
adversely affected by this. 'ý' ';. 
,ýý ýýýý. 
HICK FORCE FORCE ACTION FROM 
TOTAL 
ACTION GROUND FOOT SHANK THIGH 
Hx, - Le . 24.5 -O. 5 -4.6 - B- G 998 
Hy -Le 107 -2.5 -6.1 -13.6 84.8 
Hz -Le -3 0 0 O -3 
Mx Lb. IN 
FROM YFoRC 3 37 -5 -IO -G 
Z" 109 O 0 0 
COUPLES -160 0. 0 0 
TOTAL 26r -10 -'6 265 
My - La IN. 
f ciXPoke -77 I 7 20 
"Zu II 0 0 0 
Coupas - 23 0, 0 0 
TOTAL -89 I 7 20 -61 
Mz - L0. IN. 
FROM XFOeC 890 -17 _ -II -74 
of Y '. - 39G 15 27 25 
"l coua. ES. -384 I 6 -8 
TOTAL 120 -I +12 -54 77 
FORCE ACTIONS AT HIP 
5U JEC1 4, TEST 2. TIME 0.44 SEc. 
TABLE 6. 
d) Muscle Forces .` 
, The muscle force curves shown in rigs, - 65'and 66 follow, ' 
in form the corresponding hip moment curves of Fig. 64" .. ';. ;; 
Where the thigh is flexed i. e. from mid-swing through heel ,' 
strike to mid stance, there is a large difference between the forces 
in the long and short flexors and extensors due to the divergence 
of their lines of action. After mid-stance the thigh is 
extended and the long flexors and ilipsoas which are active 
then have lines of action which are adjacent. There is therefore 
little difference between the two possible solutions. It may 
also be contended that in this region, when the thigh is extended 
on the, hip., ligamentous restraints will be sufficient to resist 
the moment tending to cause further extension. Since the 
ligaments are closer to the joint centre this , would 
involve (sr. 
t<,. : 'fig" `4 
i: 
greater forces In the ligaments than in the muscles. At this phase 
! '` 
of movement, 'also, the moment at the knee is tending to 
cause flexion there. This would be resisted by the quadriCePw' 
and the tension in rectus femoris is effective at the section ' .' 
through the -hip also. If the hip moment is carried 
by the 
capsular ligaments, iliopsoas and rectus femoris with sartorius, . 'ý .ý 
the values of the forces shown in Fig. 65 will obviously be, ( 
reduced, but the value of the resultant joint force will not'be` a+ 
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greatly affected-, The curve corresponding to the action of 
rectus femoris in carrying the moment alone will obviously give 
"a lower bound to the region in which the correct solution lies 
Figs . 
±`65 
and 66 also ' show the change in, length ofýthe muscles 
'relative to their length in the standard standing position': It. 
Is seen that these correspond approximately to the phenomenon 
described by Elftman (1967), namely that economy of use of muscles ý. ý 
is obtained in normal activities by virtue'of the muscles being 
extended from their resting position at times, when they are required . 'ý 
to develop-most force. V 
e) joint Force. 
As described in'the theoretical analysis, it is now possible . '.. ,j 1 
to obtain the components of the hip joint force as shown in 
Here separate' graphs are drawn for the upper and lower 
' "'bound'values. The curves for the resultant forces and their; 
, 68 69, `, and inclinations to the reference axes are shown In Figs . , , h 
=.: 70 It is seen that for this subject the maximum' joint-force. Yi 
'', has a value between 230 and 300 lb, occurs at toes-off of thee. `  . 
4 - 
and is directed upward, Inward and very slightly opposite foot 
"i . F Ar. , . 
backward bn the acbulum. The second highest' force, has :ý. 
a value between 260 and 280 lb, occurs at heel strike "of 'the 
opposite foot and is directed upwards,,; 
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'forwards on the. acetabulum. Relative to the femusthe dire ctfion n 
,.;. , of the joint forces are shown in Figs. 71 and 72, 'Referring 
fti;: ia 
f1l 
,w 
tothe'femurInreference ' position, with'its-line of J 616t, . 
ýý 
centres vertical'the force is vertically downward, ' 
-outward 
and': 
t 1_ fl 
+15 degrees from the vertical In the anterior posterior plane 
,r (+. 
ßi'1 
The major features of -the lower böund'curve for resultant 
hip joint force can be described by six parameters as , 
shown iny 
Fig. 75, and the ranges and means of these for 18 test runs are 
fi 
shown in the Figure: The first maximum value, Ra, is ': °Y 't »ý. " 
less than the second in all except four tests, and occurs on aver, 9 
.: ' =13 per cent of. the cycle after heel, strike. Toe-off of the oppos 
te' 3~ý 
foot generally" 14 per cent after this occurs ýl heel's trike.. Mis% 
}>> turning value corresponds to the maximum values of M- 
and 
M 
at the hip as already, discussed'. They minimum turnip "" "j' ' 'r 
z 
value Rb has magnitude of approximately 1.1/4 times body weight,., ' ,...; 
32 er cent of the 
ýý" 
after heel'strike mid- occurs swing'of.. 
the, opposite leg'occurs, at the same time. This minimum, 
* 
;.; ý`} ;"{..: ,: 
'value occurs `, sfrce'the 
fore and aft '. moment is zero and 
abductor moment is, "at a minimum' corresponding to``the minimurna-r r""a. 'ý : 141 4, 
value of the ground to foot Vertical yý -ý, , "" . component of 
force. ý. ý. "s, `ý-"" ; ýRý'-` 
The second maximum Rc lg generally -the' greater and is": almost. 
'co-incident in time with` the heel' strike of the opposite foot. '` -' 
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These average figures'. presented correspond to the-selected 
walking speed of the test subjects, and are therefore affected., ', .', 
by the variables of their speed, stride length and stature. 
These factors are considered under statistical analysis. 
The intersections of the line of action of the resultant 
force with the surface of the femur are shown in Figs. 73 and, 
74. In the swing phase, when the y component of Joint force 
is small, these inclinations are of doubtful accuracy. The 
shaded and the outlined areas are those within which Rydell (1966) 
found the force to be In the stance and swing phases respectively. 
2. Comparison of Results with Published Work, k<' 
The only three dimensional analysis of leg/trunk forces and 
moments known t3 that of Bresler and Frankel (1950). Their',. ' " 
curves for hip moments for four subjects are shown in Fig. 76 
The curves for all the tests in the present series are shown in: '. 
Figs. 77,78 and 79. The envelopes of Bresler and Frankel's: " 
curves are drawn in Figs. 80 and 81 to the same scale as the 
summary graphs for the male subjects of the present series.., 
The forms of the curves are closely related. Bresle 
Frankel show higher values for MX the adducting moment and ' 
lower values of MZ the flexing moment than found here. ' 
,. 
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The only experimental determination of hip joint force . tn f hW- k 
il. ý gPRydell (1966). 
Summary curves for the variation 
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the resultant hip joint force of the present test serir'$ Ott ehest 
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walks at speeds of 35 and 51 in/sec and stride lengths of 30 
and 47.5 in respectively. The values for the author's tests 
are for walking speeds between 54 and 82 in/sec and for stride 
lengths between 62 and 88 in. Rydell's female subject performed 
test walks at speeds of 35 and 53 in/sec with a stride length 
in the former case of 41 in. The author's female subjects 
had speeds between 41 and 57 In/sec and stride lengths between 
50 and 60 in. Thus Rydell's results would appear to 
substantiate the results of Fig. 82. 
Referring to the locus of the resultant joint force on 
the femoral head in Figs. 72 and 73, the shaded and outlined areas 
within which Rydell's results lie are transposed from Rydell's 
reference axes relative to his prosthesis to the present axes by 
the procedure shown in Appendix VII. Rydell shows only these 
areas, the locus of the resultant force is not presented. The 
results are seen to be in agreement in respect ofmedial offset from 
the centre of the head. The difference in the anterior/posterior 
offset corresponds to two factors. 
1. The angles of flexion and extension of the thigh for the subjects. 
differ, as follows: - 
Subject Rydell1 Rydell 24 
Thigh Flexion 23° 22° 23° 
g 21 
I 
, ý` ý. 
ý; i. ``s 
Thigh Extension 12° 19° 28° . 
zig 
This large difference in extension corresponds to the spread 
of this subject's points posterior to Rydell's. 
2. In the present analysis the effect of rotation of the thigh 
about its long axis is neglected. At heel strike the thigh 
is rotated outwards, and rotates inwards relative to the pelvis 
during the immediately following period of double support (Univ. 
California 1947). This would imply that the points corresponding 
to heel strike should be moved posteriorly in Figs. 73 and 74. 
There is only a small rotation of the femur in the region of single 
support and the point between the two force peaks should therefore 
be moved only slightly. In the following period of double 
support the femur rotates outwards and the points between second 
force peak and toe-off should therefore move in the anterior 
direction. For 10 ° rotation which is a typical amount of femur 
rotation relative to the pelvis, the A/P movement of these points 
is however represented by only . 09 in. displacement on the 
diagram. 
3. Electromyographic Results. 
A typical edited record taken during the course of these 
investigations is shown in Fig. 83 which is taken from Sorbie 
and Zalter (1965). At the extreme right the 100/ V 
calibrating signal is shown. To the left of this is the record 
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taken as the subject was exerting a force action which loaded 
only the relevant group of muscles, e. g. for Psoas the thigh 
was flexed with the shankhanging freely from the knee : for the 
abductors the subject , standing on the right leg, pushed the 
left foot outwards against resistance etc. This portion of 
the record shows also the amount of background "noise" on the 
record. The left hand portion of the diagram shows the 
records taken during a walking test. It is obvious that although 
the signals can be taken to indicate muscular activity, they 
are not precisely the same from cycle to cycle. It is difficult 
to decide the exact time at which activity commences and ceases 
and the intensity of force cannot be determined. By a comparison 
with the record obtained during the gauge localisation tests it can 
be säen that for this subject the . walking effort 
is much less than 
that exerted during calibration. 
The records from 17 subjects are summarised in Fig. 84 which 
Is presented in the manner adopted by Joseph and Battye (1966) 
and their results are illustrated also. The first comment to be made 
is that this diagram does not indicate the intensity of recorded 
electrical activity and cannot therefore be compared quantitively 
with the muscle force graphs of Figs. 65 and 66. 
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The differencesbetween the two sets of results which appear 
significant are: - 
1. Joseph and Battye's results show a narrower band of activity of 
Rectus Femoris at toe-off and a wider band at heel strike. 
2. Joseph and Battye's results show an earlier cessation of abductor 
activity. 
It is submitted that no great signifcance can be attached to 
these minor differences and that they may be accounted for as 
follows: - 
a) by the use of different criteria for the threshold at 
commencement and termination. 
b) by errors in the phasing. 
With regard to b) Joseph and Battye's method has been criticised 
in the review on physiology and the writer's procedure is open 
to error in relating the galvanometer record to the film of the E. M. G. 
record. 
The University of California (1947) results, reproduced in Fig. 53, 
show no action of iliopsoas at heel strike. It may be that the siunals 
which Joseph and Battye and the writer obtain are "noise" from Rectus 
Femoris. However in view of the identification procedure adopted 
this seems unlikely. Sartorius which might cause "noise" is also 
reported by the California study to be quiet at heel strike. Pectineus is 
approximately in the area of the iliopsoas electrodes 
22i 
but there is no information on its activity in walking in the 
studies cited. 
It must be considered therefore that a) the signals shown 
by the studies using surface electrodes include a signal from 
Pectineus or b) the needle electrodes of the California studies 
are picking up local signals in the muscle and that action is 
occurring elsewhere which is not being recorded or c) the 
surface electrodes are picking up signals from the abdominal 
muscles. 
To compare the summary diagram of leg to trunk moment with 
the diagram of E. M. G. activity Fig. 85 has been drawn 
from the information presented in Figs. 77 - 79 and 84. In the 
region of heel strike there is a large negative MZ value and 
corresponding activity in the extensor muscles, Gluteus 
Maximts and the Hamstrings, but there is significant activity 
also in the flexor muscles Iliopsoas and Rectus Femoris. 
The action of the latter may be interpreted as stabilisation 
of the leg until firm contact of the foot on the ground has been 
established. The effect of this is to increase the value of 
joint force above that shown in the graphs of Figs. 67,68, and 
82. Also since Gluteus Maximus is showing activity. the 
lower bound curve must lie between that for Gluteus Maximus 
, 
and the Hamstrings. Similarly at heel strike the value 
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224, 
of M is low but there is antagonistic activity between the x 
abductors and adductors. This disappears as the MX curve 
reaches its first peak and for the remainder of the cycle there 
is little antagonistic activity. At heel strike of the right leg 
both Rectus Femoris and Iliopsoas show activity and the true 
curve of joint force must lie between the curves corresponding 
to their separate action, there being no irdimtion of load transmission 
by the capsular ligaments. In this region the curves lie 
close together and this load sharing therefore does not affect 
the joint force significantly. 
The present studies and the other E. M. G. studies cited 
all show cessation of abductor muscle action at 0.45 of the 
cycle from heel strike, i. e. 0.65 of the cycle from mid-swing in 
Fig. 85. Yet this is prior to the second peak of Mx shown 
by the present studies and those of Bresler and Frankel. The 
time delay of 0.08 ± 0.02 sec. between E. M. G. activity and 
muscle force quoted by the University of California studies amounts 
to between 0.053 and 0.089 of the mean cycle time a. id is 
insufficient to account completely for this discrepancy. It 
appears that Inmans (1947 ) contention that there is "passive 
tension" in the ilio-tibial tract might account for this loading 
. 227 
in the absence of E. M. G. activity but there is no significant 
change in the femur/pelvis angles 0X at this phase of the movement 
shown by either Fig. 62 or the California results. Activity is 
reported in Tensor Fasc: a Lata but only starting some 4% of the 
cycle before toe-off, which is not sufficiently early to correspond. 
The present evidence appears insufficient to form a final conclusion. 
Generally, however, the E. M. G. studies indicate that in the 
graphs of joint force the first peak indicated in this study is less 
than the actual value due to antagonistic activity of the muscles. 
Thereafter the appropriate value of joint force lies between the upper . 
and lower bound curves presented. 
4. Statistical Analysis of Toint Force Results. 
The details of the test subjects and the results obtained are 
shown in Table 7. The parameters expected to be of significance 
in the results obtained are shown in Table 8 together with the results 
of a series of simple linear bivaria to statistical analyses of 4 
variable dependent quantities pertaining to the curve of resultant hip 
joint force with time, namely: - 
Jl the height of the first peak. 
'max the greater of jl and J2. 
J2 the height of the second peak. 
Jmean = (J + J2)ý2' 
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DETAILS OF SUBJECTS AND TEST RESULTS 
DENOTES RESULTS OF QYDELL (1966) 
TABLE N917 
zz9 
PARAM ETEQ 
J MAX. J MEAN J2 
r t r" t 1' t t 
AGE ý -0-29 1-37 -0-28 1.31 " 0.68 0.34 -0.36 1.85 
HEIGHT H 0. G5 3.69 0.70 3.87 0.61 3.05 0.63 3.24 
WEIGHT w 0.28 1.32 0.40 I. 95 0.57 3.13 0.21 0.97 
ItJDEX 
RAL H/s W 0.55 2.64 0.45 2.02 0"II 0.46 0.62 3620 
THIGH LENJGTH LT 0.43 I. 94 0.33 1.42 0.06 0.25 0.48 2.20 
SHANK LEI. IGTH LS 0.55 2.66 0.54 2060 0.40 1.76 0.54 2.59 
LT + Ls 0.53 2.50 0.47 2.10 . 0.221 
0-91 0.56 2.71 
STIVDE LENGTH L 0.73 4.68 0.76 5.03 0.60 3.28 0.74 4.81 
STRIDE TIME T 0.32 I. 48 0.37 1.72 0.34 I. 60 0.33 1.51 
L/T. 0.64 3.71 0.64 3.74 0.49 2.50 0.64 3.76 
L /H. 0.64 3.30 0.68 3.68 0.54 2.55 0.65 3.45 
WL 0.74 4.731 0-82 6.34 0.84 6.67 0.68 4.02 
WL/H. 0.65 3.49 0.78 5.02 0.87 7.0 0.56 2.72 
WL/HT 0.61 3-701 0-701 3.92 0.76 4.61 0.4 2.12 
STATISTICAL ANALYSIS OF HIP JOINT FORCE RESULTS 
TABLE 8 
The coefficient of correlation rand the 'Student' factor 
2310. 
, 
't' defined byGosset (1908) corresponding to the linear regression 
of J on the other parameters were obtained using a digital 
computer analysis system "SCAN" (MacGregor (1965). The 
joint force values of Rydell were included where possible but 
the absence of information on helght. in both cases} and stride '' °" '' 
length in one case restricted their, inclusion. The number "` 
of variables was between 18 and 22 depending on this. For 
a linear regression of 18 variables a It ' value exceeding , ý.. 
' "' - 
2.92 is required to demonstrate significance at the 0.01 level. ý:. <<< 
From table 8 it can be concluded therefore that the following 
factors may be excluded from the analy ils! - 
Age, Weic}it, Ponderal Index, Thigh and Sh&kk Length, and 
Stride Time. It is seen that correlation is not so good for 
J and j as for j and Jl . Since the intention was to max 2 mean 
obtain a representative expression describing both maxima . 
of the, 
joint force pattern, attention was given to 1mean subsequently ,,. "... 
', .;. 
The hip joint force depends on the ground to foot reaction W, 
` , ''', _+'". ' . 
ý* 
{ mod' 
'' 
and its moments Mx, MZ about the hip axes. Fora simplified 
anal Lysis the vertical component Wy only may be considered 
and its value taken as Wy = W+ IF 
where the Inertia Force IF =W y/g 
23/ 
and the vertical acceleration of the body C. G. =y=w =y sin cat 
0 
yo = maximum amplitude of vertical displacements 
w= frequency of oscillation. 
= 27r x 2/T = 4ir/T 
T= cycle time for one stride. 
Grieve and Gear (1966) quote f= 64.8 V'0.57 and Dean (1965) quotes 
f= 63 V'O' 5 for the equations describing the relationship between 
step frequency f and relative walking speed V', for adult subjects. 
Taking Dean's result 
VT = const x (I, /HT)0.5 
i. e. T= tonst x H/L. 
Assuming the legs to be straight and length LL at heel strike 
and mid-stance and neglecting pelvic rotation, yo, the amplitude 
of vertical displacement can be expressed as: - 
yo, = LL - LZL - (1/4)1 
= LL (1 - 1+ 0/80L + other terms) 
= 0/8LL = const x LZ/H. 
assumingleg length LL to be a constant proportion of height H 
Hence WY max = W(1 + AL4/H3) 
where A is a constant. 
The hip joint force j= Wy + MZ/rz + M. /X 
23! 
M can be taken as: - M constant xWxL 
zzy 
Mx can be taken as: - Mx = constant xWy 
Thus Tmax = W(l + LL4 /H3) (1 + B0 + B1L) 
= A1W + A2WL + A3WL4/H3 + A4WL5/H3 
where Al, A2 A3 and A4 are constants. 
Graphs of the mean joint force to various functions of W, L 
and H are shown in Figs. 86 - 93 and it will be seen that the points 
indicate generally an increase in joint force with weight and stride 
length, and also that Rydellb results fit well into the established 
pattern. If a statistical analysis is performed for the relationship 
between mean joint force j and certain other simple functions 
of WL and H the following results are obtained: - 
function WL5 WL4 
WL3 WL2 WLZ Lt LZ/HZ WO/HZ 
H7 HHH 
r 0.68 0.70 0.70 0.79 0.78 0.77 0.56 0.71 
t 3.76 3.93 3.97 5.16 5.46 5.27 2.69 
5.76 
Since none of the above functions gives as good a correlation 
coefficient as does WL in table 8 it appears that the best 
representation for the present values of hip joint force may be 
given by the following equation: - 
Jmean = 0.08 65WL - 225 
where W is in lb, L in inches and Jmean in lb. The standard 
error is 127. The t value of 6.34 implies correlation to 
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7.1 
better than the 0.001 level. The bet : er correlation with W1, ý. " 
implies that the inertia term in the analysis Is of smaller sigt, ificance 
tS' 4 
thar the caravitational term. It should be noted also that "M 
Dean's equation implies that LT/11 is constant for all subjects. 
In fact the subjects in this test series demonstrated LT/H values. 
'-% 4r'. -the range 0.85 - 1.33 sec. (mean 1.027 S. D. 0.11) compared 
with Dean's mean of 0.908 sec. and the reliability of this approximation-' 
' i-n the above analysis is correspondingly reduced. 
5: Analysis of Experimental Errors. 
sýYH 
The calculation procedure involves complicated mathematical 
' 'ý ý r, ýý rýssions in which it is not possible to apply the normal men hods 
r.. 
of optimating the amowint of variation In the end result due to +. ý 
errors, in reading. The order of magnitude of these variations was 
'therefore estimated by systematically varying the experimental " mo t _Vo 
ll$ntltles for selected frames in the analysis for one subject ý,. R kQ 
T1 1r 
,, . t, "ýn, rocedure was applied 
to frames 27,30,45 and 55 of test No. 30 
ý= ý, s ! 1; ý; t1- in which heel strike occurred at frame 28 and toe-off 
at frame The analysis is conveniently considered in separate 
parts corr@*pgnding to the first and second programmes of the 
computer analysis. -{' 
f xý 
IecI/Trunk Force. Actions .x tit 
Table (9) shows the results obtained from perturbations of 
PARAMETER 
ESTIMATED 
EXPERIMENTAL 
PERCENTA3E GNAN6E IN JOINT fC+RC's POR 
I PER CENT. CNAN6E IN PARAMe rR. 
ERROR -, % FRAME '27 FRAME 30 FRAME 45 FRAME 55 
W+W 4 1.0 0.01 0.07 0.0 
Ws 10 0.54 0.04 0.08 0.06 
LT 1 0.08 0.01 0.16 0.11 
Ls 1 0-40 0.01 0.34 0.2 
LF 1 0.22 0.02 0.35 0.24- 
CL I 0.57 2.75 2.42 1.31 
b -I 2.33 "I0 2.0 " 
rN -re 10 0.72 0-22 1.24 I. 4 
N-e 10 0.14 0.03 0.01 0-06 
2H - za 10 0.42 0.05 I. 5 " 16 
1 0 0.26 0.30 
G2 I 3 '17 ' 
0 0 0 0 
G4 1 0 0.40 1.0 1.13 
0 0.06 0.07 0.3 
G6 I 0 0.84 1.0 2.4 
GIB I 0 0 0.01 0.02 
G24 1 0 0.01 0.01 0.06 
EFFECT ON CALCULATED JOINT FORCE OF 
SYSTEMATIC PERTURBATIONS OF BASIC DATA 
- 
TABLE 9 
234? 
the basic data for the first computer programme. ror convenience 
in comparisons these are presented as variations in the lower bound 
calculation of the resultant hip joint force. As expected the terms 
have a significance which depends on the phase of the walking 
cycle. 
In frame 27, which is at the end of the swing phase the mass 
properties of the body exert significant effects on the end result, 
whereas the characteristics of the force plate are obviously 
irrelevant. In the other frames which correspond to the peaks and 
trough of the joint force curve, the converse holds. It is seen 
that the analysis is sensitive to the dimensions a and b which define 
the distances between the pelvic markers and to XH - xQ and 
xH - ze which define the position of the hip joint centre relative 
to the B marker. Considering the indicated estimates of 
experimental error and tho most pessimistic view, namely that 
all errors are present and that their effects are additive, it is 
found that their total for frames 27,30,45 and 55 are 26%, 
10%, 37%, 35% in total joint forces of- 117,388,199 and 583 lb. 
respectively. 
The possibility of errors in phasing between film and force 
records was considered in the theoretical analysis. At the three 
points in the cycle defined by a, b and c in Fig. 75, the vertical 
240 
components of ground to foot force generally exhibit turning 
values with respect to time. This is also the case for the 
moments about the force plate axes at a and c. The leg-trunk 
moment actions, which depend principally on external force actions 
as shown in table 7, will not vary significantly with phase errors 
at these points. The moments due to the horizontal force 
components correspond to the y component of joint position which 
varies by only small amounts from frame to frame. Therefore 
the effect of the changes in these components at points, a, b 
and c due to phasing errors will be small. 
If perturbations of film co-ordinate measurements are undertaken, 
for frame 65 it is found that 0.1 in, variation in the three hip 
joint co-ordinate measurements gives errors of 5.3 % in MHZ and 
2.6% in MHX which implies a total joint force error of 3%. If 
a corresponding perturbation is considered for one term of equation 
43 for the linear acceleration of a marker the worst errors in j oint force 
occur if the marker is on the foot, and amount to 0.9% for Milz 
and 0.3%o for MHX M. These correspond to a joint force error 
of 0.6%. 
These assumed errors would correspond to inaccuracies in 
measurement, movement of the skin marker relative to the skeleton 
and local distortion within a five inch grid square due to film 
ýi 
processing or camera or projector lens. Errors in body mass 
properties arise because of the known inaccuracies of Fischer's 
coefficients and movement of soft tissue between adjacent segments 
and within each segment due to joint rotation and muscular action. 
Muscle and Taint Force Actions. 
Table 10 shows the effects of perturbations on the measured 
co-ordinates which define the lines of action of muscle groups 
and on the scaling factor used to relate subject measurements 
to those of the standard skeleton. Again the importance of the 
measurements depends on the phase of the walking cycle since 
different muscle groups act with varying force at the selected 
points in the cycle. The sum of the numerical values of the 
errors due to 1% errors in all quantities in no case exceeds 2.1%. 
The possible error varies with the muscle group and depends 
particularly on the assumption that the line of action of the muscle 
group force extends between two points taken to be at the centres 
of areas of the corresponding origin and insertion. Where this area 
is large the approximation is greater, particularly with the 
Gluteal muscles which are claimed to exhibit "fan action", in that 
muscular activity appears to commence at one border of the muscle and 
spread successively across its breadth. Another error in this 
'r 
I' 
, 4z 
scheme is due to the bulging of underlying muscle groups which 
will tend to force the muscle to act along a different line of action 
at the hip/trunk section. The amount of this will be small in 
comparison with that due to the groi ing of muscles. 
The use of the scaling factors to relate the dimensions 
of the test subjects to those of the standard skeleton is open to 
question since it does not take into account the possibility of 
differences in the shapes of the pelvis and femur from subject to 
subject. n medical advice no attempt was made to take x-ray 
measurements of the appropriate regions and in any case the 
accuracy of such x-ray measurements is open to question. It is 
contended that the use of separate scaling factors for the three 
co-ordinate directions of measurement for the two segments is 
the best compromise in the prevailing circumstances. The 
total errors in joint force results due to perturbations of the scale 
factors shown in Table 10 in no case exceed 2% for simultaneous 
and additive perturbations of 1% In each factor. If the possibility 
of 10% errors in co-ordinates due to the scaling procedure is 
conceded then the most pessimistic error in joint force is 20%. 
It is submitted however that this would include the errors involved 
In the first 12 rows of Table 10 and would not be additive to them. 
EXPERIMENTAL UPPER BOUND CALei-"" LOWER EOUNO CALL 
MEASUREMENT. FILM FRAME N4 FILM FQAME NP 
GROUP SITE 0112ECT- 27 30 45 55 27 30 45 55 
X 0.94 0.76 0.17 0.44 0'. 63 0"15 0.15 0.62 
FLEXOR ORIGIN 14 " 08 0.07 0.01 0.02 0.16 0.20 0.01 0.16 
Olt Z 0-07 0.06 0.07 0 0 0.05 
EXTENSOR oC 0.23 0.09 0.14 0.47 0.04 0.04 0.02 0.07 
MUSCLES IiS&TIO 1' 0.49. 0-33 0 0.02 0.02 0.01 0.01 
Z' 0.21 0.22 0.01 0.04 0.04 0-05 0.02 0-081 
T 0 0.01 0.02 . 0-01 0 0 0.01 0.02 
ABDUCTOR ORIGIN 0.021 0-05 0.22 0.11 0.03 , 0-05 0.20 0.07 
OIZ z 0 0 0.02 0.01 0 0.01 0.02 0.01 
A0000TOR OC 0.05 0.08.0-31 0.18 0.05 0.07 0.19 0.15 
MUSCLES INZýRTI ° 0.01 0.04 0.14 0.18 0.04 0.07 0.13 0.15 
0.09 0"I 0.68 0.4 
JC 0.84 0.680-18 0 .4 B , 1-25 0-46 0.09 0-48, 
PELVIS' it 
- .I 
0" t P. I _ _ _ 0.15 0.34 0.26 0.16 0.15 
SCALING 0" 0.06 0.02 . 11 0.27 0.18 0.06 0.11 
FACTOR OC . 15 " 0.35 0.09, 0 0.04 0.20 0-'09 
FEMUR . 
0-40 916 0.01 "02 0.02 0.01 0 0.02 
Z 0-54 0.20 0.71 0.44 0.10. 0-15 0.44 
PERCENTAGE CHANGE IN CALCULATED VALUE OF 
JOINT FORCE FOR ONE PER CENT CHANGE IN 
EXPERIMENTAL MEASUREMENT. 
TABLE IO 
- 
17 AýA 44 
Summary. 
If the errors due to film readings, leg/trunk force actions basic 
data and muscle and joint force calculations are added the maximum 
possible error in calculation is 58 per cent. This is a very 
high figure and corresponds to: - 
1) the large number of experimental measurements. 
2) the approximations necessary in skeleton measurements. 
3) the approximations in the form of analysis for muscle 
group forces. 
The most pessimistic view has of course been taken in this 
analysis namely that every measurement is simultaneously in error 
to its maximum amount and that each error is additive. The statistical 
analysis of the results indicates a standard error of 127 on a mean 
joint force of 531 lb. i. e. 24%. This of course applies to random 
vnriation in errors and gives no indication of possible systematic 
errors in the analytical procedure. The amount of systematic 
error should however be small in view of the close correspondence 
of Rydell's results with those presented here. The other point 
to be made is that the assumed muscle groups are taken to be in 
the positions best adapted to transmitting the leq/trunk moments. 
If other groups of muscles or ligaments transmit these load actions 
2<,, S" 
they will inevitably involve higher values of Jdnt force due to their 
smaller moment arm, and the values presented may be taken to 
represent a lower bound to the values existing in the body. 
6. Proposed Extension of the Project. 
The present procedure for determining Joint force has been 
shown to be complicated and have significant possibilities of 
error. Any extension of this work should aim at simplification 
of the procedure and reduction of experimental error. Investigations 
are currently proceeding into the possibility of automatic registration 
of displacement of body markers using television cameras and 
recording the information directly on punch type or magnetic tape 
for input to a digital computer. It is also possible that a simplified 
analysis might be performed for the periods of maximum joint 
force considering only external force actions, and using the present 
measurement techniques. 
The analytical procedure for joint force estimation should be 
improved in accuracy. The accuracy of film measurement might 
be improved by the use of 35 mm. cameras but this would involve 
initial and recurrent expenditure on a large scale. The procedure 
for determination of joint centre should be improved, either by 
the use of image intensifier X-ray techniques or by an adaptation of 
ultrasonic mapping techniques. 
; Z4& 
There is scope for the investigation of the possibility of 
using some function of E. M. G. signals to estimate muscle 
force. This would require simultaneous measurement of relative 
movement of limb segments in order to assess changes and rates 
of change of muscle lengths. 
The tests should be extended to obtain values of force 
at the hip knee and ankle joint during walking at different speeds 
and on stepped and inclined surfaces. 
In view of the dispersion of the values obtained in the tests 
on normal subjects it is suggested that the technique is not yet 
sufficiently refined for clinical use where it may be required to 
assess changes in condition due to therapy or surgical intervention. 
The technique can however be usefully applied to obtain information 
on the gait of amputees using prostheses. It is suggested also 
that the technique may be adapted to allow the assessment of 
energy expenditure and energy Interchange between limb segments 
in normal and prosthetic gait. 
4is7 
SUMMARY. 
A procedure has been devised to calculate from 
experimental measurements of walking subjects the pattern of variation 
of hip joint force. 18 tests have been performed on 3 female 
and 9 male subjects. 
These tests show maximum values of hip joint force between 
2.02 and 9.23 times body weight (mean 4.53 times). The 
analysis of the results indicate that joint force may be expressed 
by the equation: - 
j=0.0865 WL - 225. 
mean 
The experimental results of Rydell are in close agreement 
with this equation. 
The experimental results of Bresler and Frankel are in 
close agreement with values calculated as an intermediate stage 
in the general calculation. 
The phases of muscle activity assessed by E. M. G. signals 
are in general agreement with previously published work and are 
compatible with the measured force actions. 
The amount of experimental error possible could at worst 
introduce variations in the results by 58%. The statistical 
analysis suggests a possible error of 25% in practice. 
24S 
Suggestions are made for the improvement and simplification 
of the technique and for possible extensions of the invest1jatlons. 
zur", 
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APPENDIX III 
Analysis of Signals of Strain Bridges. 
The general Wheatstone bridge circuit as shown on Fig. AIII.! 
can be represented by four arms each of nominal zesistance R to 
which is applied a bridge voltage V. The measuring instrument 
has a resistance kR and it is required to find the current flow in 
the instrument, i3, when resistances R1 - R4 change by fractions 
ml - m4 of their original values. 
Assuming current flows i1 and 12 as shown and zero source 
resistance 
From ABC : 11 (2+ ml + m4) + 13(1 + m4) = VA AIII. 1 
From ADC: i2 (2 + m2 + m3) + 13(1 + m3) a V/R AIII. 2 
From ABD: 11 (1 + ml) - 12(1 + m2) - ki 3=0 AIII. 3 
hence 
(V/RtmI-m2+m3-m4+mIm3-m2 m 
34 (1 + k) + Dl + D2 + D3 + D4 
`ý 
where Dl = (3 +2 k) K (m1 +M 2 +M +m 4) 
A. III. 4 
D2 = (2 + k) K (ml + m4) (m2 + m3) 
D3 =2 (m1 m4 + m2 m3) 
D4 = mlm3 (2 + m4) + m2 m4 (m1 + m3) 
if m1 - m4 are small numbers 
AIII. 4 becomes 1,3 =V 
mI - m2 + m, ý - m4 
4R (l + k) 
A 
B 
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and the power input to the instrument - (current)'. resistance: 
=1 32 " kR 
= const xk 
(1 + k)2 
giving after differentiation the standard result that maximum instrument 
power input obtains when k=1. 
i. e. instrument resistance = bridge arm resistance. 
the fractional resistance change m=a6+ß 
where a= SIE = gauge factor/Youngs Modulus for the underlying 
material - assumed constant. 
An analysis of errors due to differing S values is given in Paul (1949). 
6' = linear stress in the line of the gauge. 
The stress is assumed uniform and the material linear elastic. 
b=CxT= temperature coefficient of resistance x temperature 
change. 
Equations A. III. 4 become 
'3 a 
(6'1 2+3- `4) (1 + b) + a2(6163 - 6264) +2b2JV/R 
= 
4(1+k)+E1+E2+E3+E4 
where s-, E_ (3 + 2k) (a 26" + 4b) 
,. r. 
1m 
E2 = (2 + k) 
[a2 (ei + 64) (ä2 +63) + 2ab 'm+ 4b7 
E3 =2 
[Z (x'164 + 62 63) + abfm + 2bz1 
E4 = a3Cý1C (62 + 4) +6'2 
64 (61 +63g+ 2a2b2c6n 
+ 3abz m+ 03 
to A. III. 5. 
r 0 At 
In the spring steel member of the initial force plate, the 
0 
applied load P is in equilibrium with the changes in tensbnQ and R 
in the two sides of the strip as shown In FigAIII. I. If the gauges 
are mounted axially on the centre line of the strip no signals arise 
due to offset load transmission in the plane of the strip. If 
the load actions at section KK cause direct stress 6Q: and bending 
stress 6'VIQ. and at LL sR and EMR where 
4i= 6Q +GMQ 6Q= Q/bt: 6MO 
b 
htz 
2= 6R +b5*MR 
3 
6Q 45-MQ 
4= 6R - 6MR 
ö, 
ý = 
R/bt : 6MR = 
E' MR 
bt L 
The relevant equation of force equilibrium is 
P= Q-R 
If the arrangement is symmetrical and the pretension is not 
reduced to zero in either part then Q=0.5 P. 
If this is not fully realised, let Q= gP. 
Then substituting in equation A. 1.5. 
= .. 
2a P (1 + b)/A + a2[t (2g - 1)/AZ - 
CM02 + MR2] + 2bi}V/R 
I 
4(1 + k) + F1 + F2 + F3 + F4 
where F1= 2(3+2k) 
CaP (2g-1)/A +2b] AIII. A 
F2 = (2 + k) 
[a? P2 (2g - 1)2/AA- aj MQ - °MR)2 + 4abP. it 
(2g - 1)/A + 4bt] ,.. 
"b F3 =4C a2 g 132 (1 - g)/AZ +a bP (2g - 1)/A + bzJ 
266, 
F4 = 2a3[ g(1 - g) (2g - 1) 
A3 
+ (1 - gY' 6M2/, 4 
/A - n4P bMR2/Aý 
+ 2a2 b F11- (6g2 - 6g + 1)/AZ- 2azb (IGMQz+-6MR2) + 6ab2P(2g - 1)/A +4b3ä 
The following numerical values can b. 3 assumed to determine the 
magnitude of error terms for normal electrical resistance gauges. 
S=2.0 :E =13,400 to. rVin2 :b=0.25 in :t=0.02 in. 
b =10-4 :g=0.55 : k1. 
Q=0.2 ton 6 MQ = 'MR =4 ton/in2. 
For these values the instrument current 13 Is given to first 
order of accuracy by 
10 _apV 3- 4ÄR 
Taking account of the error terms in the numerator and in term Fl: - 
13 2- 131(1-101x10 
3P 
+ 7.5x10-4) =1'3(1-3.7x10-4)A. III. 7 
The non-linearity of the bridge and the effect of other error terms 
in this expression is obviously negligible. The effect of error 
terms FZ -F in A . III. 6is even smaller. 
If semi-conductor gauges having gauge factors of approximately 
100 and a thermal sensitivity . 12% per C° are used, equation A. Ill. 7 
becomes: - 
13=1 
3' (1- 0.0036 - 0.03P) 
This indicates the change in sensitivity due to temperature and 
the possible non linearity of the bridge at large P values resultant 
,. 
, Z6 f 
on the use of semi-conductor gauges. The apparent error 
due to temperature is slightly reduced by a further factor not so 
far considered, namely temperature coefficient of gauge factor, 
but this is ty#cally of the value 0.1 per cent per C° and does 
not eliminate the error due to change in bridge resistance. This 
can only be eliminated by using a constant current power supply. 
The non linearity of the bridge could be kept to a small value by 
using a more rigid dynamometer and working to a lower value of 
strain. 
I 
APPENDIX IV. 
Structural Analysis of Four Column Force Plate. 
The force plate comprises an upper plate rigidly fixed 
to four symmetrically situated tubular columns fixed to a lower 
plate supported by levelling screws as shown in Fig. A. IV. l 
The layout and circuits for the strain bridges are shown in Figs. 
41 and 42 . No exact analysis of the deformation of a flat 
plate loaded in the manner of the upper and lower members was 
found and the lengthy procedure of numerical analysis was not 
considered to be justified. As a design approximation the 
bending of the plate about each horizontal axis of symmetry was 
treated separately, and the curvature of each plate was calculated 
from the expression for a flat bar. As an initial approximation 
it was thought that the columns could be considered to carry 
axial force only since the second moments of area for the top 
and bottom plates, I, and 13 had values of 0.407 in4 and 1.068 
in4 respectively compared to the value for two columns of 0.007 
4 
in 
To check this the simple analysis for a central point load 
was performed. Fig. A, W. 2 shows the dimensions a, b and c 
defining the configuration of the symmetrical half of the structure 
with the statically indeterminate force actions H and M at the 
\ý ,wýy 
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load point; To reduce the size of the expressions, constants 
k k2, k3 are defined as a/I1, b/I2 and a/I3 respectively. 
The total strain energy U due to longitudinal stress due to bending 
is given by: - 
U= f a(M-2Wx)Zdx/2EI1+ 
0 
(M -j Wa - HX)Z dx/2 EI2 fb 0 
AN. 1 
+fa (M-ZWC-Hb)Zdx, /2EI3+ýoc-a (2Wx)2d /2E1 
0 
Applying Castiglia no's theorem and the condition of symmetry requiring 
zero change of slope 0A at A 
=o= M(k +k+k- V4W(ak+ 2ak + 2ckE, O =EM123l2 3A 
) 
-? Hb (k +k 23A. N, 2 
Similarly the component displacement at A in the direction of H, 9H 
is zero. 
E SH =E 
ýH 
=0=2 Mb (k2 + 2k3) +(1/4)Wb(ak2 +'2ck3) -(1/3)Hbz 
(k2 + 3k3) A. IV. 3. 
Equations AIV. 2 and AN. 3 can be solved simultaneously to get: - 
H= 3W 
Cakl + 2ak2 + 2cký) ( k2 + 2k3) - 2(ak2 + 2ck3) (k1 + k2 +k 
2bL 4(k2 + 3k3); (kl ± k2 + k3) - 6ýk2 + zk3)ýJ 
M= 2W 
[2(k2 + 3k3) (akl + 2ak2 .+2 ck3) - 3(k2 + 2k3) (ak2 + 2ck3) 
4(k2 + 3k3) (k1 + k2 + k3) - 3(k2 + 2k3)'] A. IV. 4. 
If the stiffnesses of the top and bottom plates are indefinitely 
large kl and k3 tend to zero, 
H -t 0 and M 
ZWa and the bending moment in the column 
2 7/ 
is zero. 
If k alone tends to zero 3 
H --? -1.5 
Wa kl 
b 4k1+k2 
Mý ZWa 2k+k2 
4k 1+ k2 
Similarly if kI alone tends to zero 
H 3W(a - c) k3 
bk+ 4k 3 
Ma 2W ak2 + 2k3 
(3a - c) 
k +4k 23 
Tables A. N1 shows a comparison of the stresses in the tubular 
columns due to direct and bending actions for the above extreme 
conditions. 
It is seen that the bending stresses in the columns have 
significant values compared with the longitudinal forces for the 
condition of central loading. 
A further analysis was therefore performed using the actual 
values of the relevant moments of area and obtaining values of the 
load actions when the load is applied eccentrically. The 
relevant dimensions and load actions are shown in Fig. A. IV. 3. 
The reactionsR1 and R2 are statically determinate and are given 
by 
Rl = W(a +c- d)/a + 2c) R2 = W(d + c)/(a + 2c) A. N. S. 
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Three indeterminate force actions exist in the closed 
frame and may be represented by the actions H, V and M acting 
at the cut section in the left hand pillars. , 
Considering bending 
actions only the total strain energy, Uin the structure, is 
u= fn (M + HX)2 dx d (M + Hb - Vx)2dx 
°2 E1 2° 2EIl 
+ ja (M + Hb - Vx + Wx - Wd)2dx 
d 2ýI1 ,. R,. 
+ jb (M + Hx - Va + Wa - Wd)zdx +a 
(Rlx + Rlc +M- Vx)2dx 
o 2EI 
jo 
2 2EI3 
+c (Rlx)Z dx 
c (R2x)zdx 
10 + 2EI3 Jo 2EI3 A. IV. 6. 
The deformation conditions are as follows: - 
'b U- ii_ -ýU=0A. IV. 7 ýH öV ', ýM 
Substituting the numerical values corresponding to the size of the 
force plate and solving the three simultaneous equations gives: - 
H=W (0.0116249 + 0.0168412d - 0.0011227d2) 
V=W (0.996591 - 0.065909d - 0.00012605d2 + 0.00000560d3) 
M= W(0.0387930 - 0.01965209d + 0.0007025d2 + 0.0000420d3) A. TV. 8 
The sum of the vertical loads in the two columns is equal 
to the applied load regardless of the value of d so that strain 
measurements of the axial strains in these columns will give a sum 
proportional to applied load for all load positions. The results 
27 
yr 
of the plane analysis can obviously he used to obtain the same 
results in the general case. The axial strain in a column is 
obtained fromthe sum of the strains of linear gauges on opposite 
sides of the column which will automatically balance out bending 
strains. If one pair of gauges is mismatched the automatic 
balancing will not be perfect and the output voltage can be obtained 
from 
VS V-Z-6ý'- 
Ef1+BA. 
IV. 9 
L. - 6'D 
where V is the bridge voltage, S the gauge factor, n the fractional 
error in S, E, Youngs Modulus and CB and CD the bending and direct 
stresses respectively. 
From A. N. 8 themaximum bending moment occurs where 
(M +Hb ý) =0, 'i. e. at d=6.51 in, and has the value 0.118W. 
The error term n ICg in A. N. 9 then becomes 0.19 n 
8 60 
or a2% error in gauge factor g! ves a bridge error of about 0.4% . 
This effect may therefore readily give variations in bridge signal 
per unit vertical load, depending on the position of the load on the force 
plate. 
The moment of W about the central position, Ma = W(d - 7.5), 
is signalled by linear gauges at the centre of the columns which 
effectively measure the difference between the direct loads on the 
ýýJ ' 
two pairs of columns. In fact the moment is given by 
Mý=W(d- 7.5) = (VL-VR) a/2 + ML-MR. 
where V and M are the direct load and bending moment in the columns 
respectively and L and R refer to the left and right column. This 
can be written 
Mv = (VL - Vr) 
a/2 
+ VLa - W(a - d) 
Expressing VL in terms of W and d from equation A'IV. 8. 
MZ= (VL - Vr) 
a/ 
2+ error terms. 
The error terms have a maximum value of + 0.0108 W when d= 
a/2 ± 4.01 in, the actual moment is then Wx4.01 and the error 
due to this effect is 0.25% only. 
The moment term ML - MR affects the bridge for measurement 
of shear force)and the vertical forces in the columns affect the 
bridges for moment about horizontal axes. Vvhen loaded by a 
horizontal shear force P as shown in Fig. A. IV. 4 equation, 
AIV. 6 becomes 
U= lb (M+H )Z a 
ox 
dx + 
2 EI2 0 
+ (b (M+Hx-Va+Pb-PX)2dx Jo 
ZEI2 
(M + Hb - Vx)2dx 
EI1 
(a [Pb(, + c) z 
+ Ja+2c +M x dx 
2EI3 
A. IV. 10 
The deformation conditions remain as in AJN. 7. Using 
27e 
the same numerical values as before, the following results are 
obtained: - 
H= -0.5000 P 
V= -0.1478 P A. IV. 11 
M=1.1411P 
The bending moment at the same level on the right hand column 
is 1.1411 P also. 
In the shear force bridge the signal derives from the sum of 
the bending moments on the columns, i. e. 2.2822 P. The 
error term due to offset vertical loading ML - MR, has a maximum 
value of 0.0108 W. Since W may be typically 140 lb. and P 20 lb 
the fractional error in P in these circumstances becomes . 033 
or3.3%. 
Conversely due to shear force P the difference in vertical load in 
the columnsis: - 
VL - VR = 0.29 6P 
Thus a maximum shear force of Px = 20 lb would give an indication 
of an apparent MZ = 45.2 lb. in: This is a gross cross-sensitivity 
which most users take account of. 
Rotation of the top of the force plate about a vertical axis 
through its centre under the action of a couple C will result in 
rotation by angle 0 corresponding to rotations of each column 
277;.. 
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through 8 and their translation along an arc by a distance 
a*[ 0 as shown in Fig. A. IV. 5. The displacement corresponds 
to the end deflection of a fixed end beam under a transverse force 
F. Under this loading action it was considered that the 
deflections of the top and bottom plates would be negligibly small. 
The overall equilibrium of the top plate in respect of moments 
about the vertical axis is given by: - 
C- 4T - 4F aJ=0A. IV. 12 
where T is the torque necessary to twist each tube through an angle 0. 
The load deformation equations are: - 
for column bending a 
1-2 0= F0 /12EI A. IV. 13 
and 0= Tb/(0.4E) x(21) A. IV14. 
Hence F=0.35 Ca/(a2 + bz/30) 
and T=0.25 C/(1 + 15 a2/b2). 
On the force plate columns all gauges measure extensional strain 
and the shear stress due to T will not produce a signal. 
Substituting the actual values of a and b the bending 
and shear stresses due to C amount to 4.57 x 10-3 C ton/in2 and 
3.25 x 10-4 C ton/int respectively. The bending stress is zero 
at the centre and maximum at the ends of the column. The 
longitudinal gauges connected to measure vertical force and moments 
about horizontal axes will not therefore be affected by the force 
279 
actions due to a moment about a vertical axis. 
Referring to Fig. A. IV. 5. it is apparent that the component 
displacements of the four columns in the X or Z direction sum 
to zero: i. e. the bending moments on the column in planes 
parallel to YOZ are equal and opposite in columns 12 and 34, and 
presuming satisfactory matching of gauges there should be no cross- 
sensitivities between the Torsion and shear force channels. 
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APPENDIX V. 
Dynamic Performance of Force Plate. 
The force platerray be considered to be a single mass, 
comprising the top plate and attachments, supported by an elastic 
system allowing six modes of simple vibration, 3 linear and 3 
angular. In fact the system is more complicated than this 
since flexural vibration of the top plate is possible in addition. 
In this analysis the plate vibration is neglected and the effect 
of coupling of different modes of vibration is considered as a 
factor of secondary importance. The most important modes of 
vibration are those involving movement of the top plate in the 
horizontal plane, and Cunningham and Brown (1952) found that 
viscous dampers were necessary to reduce oscillations in these 
modes. As previously described similar damping units 
were fitted to the force plate used in the present investigation. 
The analysis in Appendix IV can be extended to give the 
sideways deflection under horizontal load and this was found 
to be 2.01 x 10- 
5 
in/lb. An experimental investigation 
was attempted using dead weights and a dial gauge reading 
to 10-4in but in the range of loads applied this system was unable 
to give reliable results. The natural frequency of transverse 
vibrations was measured to be 56 cycles/sec. Taking a top 
2J 
plate weightof 7aband the calculated stiffness, gives a theoretical 
natural frequency of 83 cycles/sec. Since the calculation 
assumes rigid fixing at the joints and neglects the depth of the 
plate and flanges this figure may not be unreasonable. 
The natural frequency was measured by striking the top plate 
at the centre of one side with a weight moving horizontally and noting 
the response of the galvanometer which indicated shear force. 
This also allowed the measurement of the damping. After 
5 cycles the amplitude of this vibration had diminished from 1.00 
to 0.18 experimental units. When in use the top plate of the 
force plate is an elastically restrained, damped mass to which a disturbing 
force is applied. As the test subject steps on the plate 
additional mass is added to top plate but the connection involves the joints 
of the body whose elastic stiffness depends on muscular tension 
and can therefore be taken to be negligibly small. The effect 
of the added body mass is therefore neglected. 
For the system sketched in Fig. A. V. 1 the controlling 
differential equation is 
EX+Kx=P sin wt ----- A. V x+ -M MM . 
1. 
This has the solution 
x=A -fit sin mt + Be- 
bt 
cos mt- CP cos apt - M 
DM sin wt 
'. - 
TW'' 
a 
Psin wt 
SIMPLIFIED SYSTEM FOB 
FORCE PLATE. 
FIG. A. V. I. 
z83. 
where A and B are constants of integration: - 
D= K/2 M: n2 = E/M :C=2 _w 
(n2-w2 wZ, 
m2 = n2 - OZ 
(n2 - w2) D= 
(n2-w2)2+402w. 2 
Initial conditions are t=0: x=x=0 
. 
'. BC %M and A -w- D P/M. 
n 
I. e. x=MD 
[( w/rye-At sin mt - sin wt 
+P C(e 
-fit 
cos mt - cos wt ) M 
The measuring circuits are arranged so that the signal 
is proportional to the force action in the columns, i. e. the signal 
is proportional to -Ex. 
The quantity to be measured is P sin wt. 
The error in the reading 17 is given by 
I=P sin wt - (-Ex) 
I /P = sin wt - n2D sin wt - n2 C cos wt 
- e- 
At (n wD sinnt + nz C cos nt ) 
- wem) The steady static error IS = sinwt - (2 
sin wt 
(n2 - w2)2 +4A 
D? 2Aw cos 'wt nt 
2l= 
sin wt -ý sin(wt + oc') (nZ - w2)+40w (n2 - w)+4aw 
where tan of =2Aw 
n2 - w2 
-284. 
n2 i. e. an amplitude error of 1- (nZ - w2) +4 Sw2 
and a phase error of of tan 
2 
I n2 - wZ 
The transient error/ T= -e-fit 
(nw D sin mt+ n2 C cos mt) 
_ -e-At F sin (mt. + ß) 
where F= n2w2D2+n4C2= 
n wz(wz-n2)2+n24,6twz 
(n2 - w2)2 + 4A2w) 
nw 
(nZ - w2)? 4nZOZ 
(n2 - w2)2 + 4dwl 
ta nß= 
n2 Zdw 2An 
nw(na -(0Z) n2-0 
Thom the experimental observations of free vibrations 
m=21rx56 = 352rad/sec 
0`m loge 
Al 
= 
56 log 
1/0.18 
27rn A 21rx5 e l+n 
= 19.2. rad/sec. 
n2 = m2 + OZ = 124,00 
1/sect 
:n= 352 rad/sec. 
Steady state error in amplitude w2 )+4 n2 Q/ 
2 
/n4 
nz 
for a maximum error of 1% , 
w/n ' 0.071: 
ý, 
= 4.0 cycles/sec. 
Taking the stance phase as one half- of the cycle time of the 
fundamental term of a Fourier series, the fundamental frequency 
is 0.8 cycles/sec i. e. the steady state error is less than 1% up to 
the fifth har::, onic. The maximum steady state time lag 
is /w =1 tan-1 20w/ (n2-w2) = 2A/nt = 0.0003 sec. the time 
w 
2 8S 
interval between successive measurements is 0.02 sec. and 
the steady state time lag is therefore negligible. The 
expression for the amplitude of the transient error IT 
_i, 
t 
is given approximately by nT= (w/n) e sin (nt + ß) . 
For the fifth harmonic 
Jof 
the walking cycle, w/n = 0.071 and 
B the phase a1e is given by 
tan ß= 24/n = 0.109 hence 13 = 0.11 rad = 6.3° . 
The first peak of the transient error lennwill occur when 
nt + 13 = 'T /2 
i. e. t= . 0043 sec. 
i. IT = 0.071, '109 = 0.07 
This is a significant error at the level of the fifth 
harmonic. The value at the fundamental frequency of the walking 
cycle is 0.014 or 1.4%. This transient error however has 
a frequency of 56 cycles per second and readings are taken 
at 0.02 sec intervals. Where higher frequency undulations 
were obviously present in the records the observations taken 
were on a mean line selected by eye and this error was not 
therefore likely to be significant. A Fourier analysis of the force 
plate record from a typical test subject is shown in table 4 
page 128. It is seen that except in the case of channel 1 the coefficient 
of any term after the seventh harmonic is less than one twentieth 
of the major harmonic. It appears therefore that the force 
z ýb 
plate dynamic response is adequate to record the force 
actions transmitted to it during walking. The possibility 
remains that its performance might be inadequate for activities 
developing higher frequency spectra such as running, jumping 
or even for an amputee using a prosthesis. 
The other lateral mode of vibration is identical to that 
considered. Linear vibrations in the direction of the y axis 
are found to occur at 260 cycles/sec and all response errors 
will therefore be negligibly small. Rotational vibration about 
the reference axes could not be identified experimentally 
but simple theoretical analysis indicated that they should in 
each case have a higher natural frequency than the corresponding 
linear vibration. 
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APPENDIX VI. 
Analysis of Angular Acceleration Force Actions. 
Each body segment may be assumed to be a rigid body 
moving in space. If Fischers' results are to be relied on the 
principal moments of inertia, Il, I21 13 are given for the thigh, 
say, by: - 
II = C1T W (C3T LT)Z /g 
12= C1TW(C4TDT)Z /g AVI. 1 
I3 CIT w (C3T T)Z /g 
where the axes 1,2 and 3 coincide with front to back, vertical 
and lateral lines of the limb segment located for reference with its 
lines of joint centres vertical. The moments about these axes 
due to angular displacements, 01,02,03 are given by 
Ml = 1101 - (12 - 13) 02 03 
M2 = I202 - (I3 - I1) ©3 O1 A. VI. 2. 
M3 =1 303 - 
(Il - I2) 0162 
As noted in the experimental procedure it was not found possible 
to measure component rotations of limb segments about their long 
axes and these are in any case small. If 02 and its derivatives 
are neglected, and Il = 13 = Imax equations A. VI. 2 become 
M1 = Imax el 
M2 =0A. VI. 3 
Zýý' 
If direction 1 is inclined in space to the reference, x, y, z 
directions by angles defined by direction cosines tlx' t ly 
and t lz and directions 2 and 3 similarly by t 2x, t 2y, t 2z: 
t3x' t3y' t3z' the corresponding moments about the x, y, z 
axes are 
Et MMt+Mt=I 
max1 
ß 
1 lx 3 3x lx 
+3t 3xJ 
Mz =M1t lz +M3t 3z =I max 
10 
1tlz +03t3 zJ 
A. VI. 4. 
If the angular accelerations measured with respect to the 
x and z axes are respectively 0x and ©z then 
t 61 
- ex lx +zt lz 
A. Vl. 5. 
03- ex 3x 
+0zt 
3z 
Equations A. V1.4. then become 
Mx=ImaxLx(tlx2+13x2) + ©z(tlz tlx +tt )ý 
3z 3x 
."2zA. V1.5. Mz = Imaxu 
x(tlz 
tlx + t3z t 3x) + ©z (t lz +t 3z 
)3 
From equation (58) developed earlier 
=1- tanz 0Z (1 - 
R-- )/S t 
lx 
t=t= tan 0 tan 0 (1 - --a-)ig 1 3x zxR 
t=1- tanz 0 (1 -1 )/S 3z xR 
where R =J1 + tanz 0x + tanz 0z and S= tanz 0x + tan20z 
z rýi 
X) 
MX 
max 
SOX sect 0x + 0Z tan OZ tan 0 
M=I 'e : an 0 tail 0 +'© secs 0 )/R2 
z max xzXzz 
For the test subject No. 4 test 2 the graphs of angular 
inclination 0,0 are shown in Fig. 62 . At the time of xz 
maximum 0 the values of 8z, 8x, Az and 8x are respectively 
24.80,4.31,38.7 rad/sect and 4.3 rad/secy. Taking subject 
weight of 127 lb and thigh length 16 in. equation A. VI. 7 gives 
the following values: - 
M=4.14 lb in. M= 36.3 lb in. 
z 
The corresponding values calculated from equations 46 are 
M=3.11 lb. in and M= 36.2 lb in. 
xz 
A. VI. 7. 
It is apparent that the contribution of OZ apparent to MX 
is a considerable fraction of the result, but the amount of the term 
is small in any case. 
The accuracy of the larger inertia term is seen to be 
satisfactory. 
ýy 
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APPENDIX VII . 
Correlation with the Results of Rydell (1966), 
Rydell quotes the force actions on the head of the femur 
relative to axes HX, HY, HZ through H the centre of the femoral 
head where HX coincides with line OHC in Fig. AVII. 1. Rydell 
defines the angles t and u for his test subjects and Backman 
(1957) quotes angle p as 5-6 degrees for a wide range of femora. 
To relate the present author's results to those of Rydell it is 
necessary to define 0 the apparent angle of ante-torsion when 
the femur is viewed along the axis HK and it can be seen from 
Fig. A. Vd 2 that: - 
tano = B3P3/A3P3 = B1P1/A2B2 cos p. 
= A1B1 sin t /A1B1 cos t cos p 
= tan t /cos p A. M. 1 
Rydell defines a point P(XR, YR, ZR) on the surface of the 
fan oral head by angles O and / measured from the axes XR and 
YR of the prosthesisFcA41! 3If the femoral head is of radius R, 
XRZ + YR2 +7 t2 = Rz 
and YR/XR = tan Oe ZR/YR = tan 
hence ? {R = R/ 1+ tanZo(+ tan? a tan X= Rcos c'( 
Ti 1+si n2Oe tanz/ 
E ýý 
ýý-ý. ýý/ 
A. 
i 
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4Yjj 
HIPZ =+R. = R. + sing or tanýý 
Z=R tanoC tan'/ 1+ sinnor. tanz WP` R 
HW = HPl sin(U -p -o<) 
1 
.'. x= -(HV + VU) (HW sin ¢+ WP cos O) . .. 
(A. VII. 2) 
_ -R 
Esin(U 
- p-c) sin 0+ tan oe tan cos 0] 
1+ sinzo' tanz 
z=- (WV - WQ) _ -HW cos 0+ WP sin 0 (A. V11,3) 
R [sin(U -p -a) cos 0- tan tan sind' - 
ý1 + sine epe tan2 
Referring to Fig. A. VJT. 2 it is seen in the side elevation 
that he axis of the stem of the prosthesis is not coincident 
with the "ideal" axis OK. This may be treated approximately 
by subtracting from Rydell' s values of ' the value of the angle 
between these axes. The following values of angles 
are common to both test subjects 8° :p= 5° 
u= 60° 
For case 1 :-t= 8° and therefore 0=8.1° i. 
For case 2 :-t= 35° and therefore Q! = 35.10 
The position of the point of intersection of the resultapt 
joint force vector with the surface of the joint is defined by angles, 
or and and the corresponding x and z values can therefore be 
4 
.J 
calculated using equations A. VII, 2 and 
3. f>' #. 
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